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Abstract: The COVID-19 pandemic was declared in March 2020 and is still ongoing. The course of the epidemic
remains uncertain, and mutations in the coronavirus, as well as the emergence of new variants of concern,
make it possible that there will be periodic surges in the number of cases. Moreover, it is not clear how quickly
and to what extent the effectiveness of vaccination will decline as the virus continues to mutate. One possible
solution to combat the rapidly mutating coronavirus is the development of pan-coronavirus vaccines that
stimulate the production of antibodies against conserved elements of the virus. Another approach could be the
creation of safe vaccine platforms that can be rapidly adapted to deliver new, specific antigens in response to
viral mutations. Recombinant probiotic microorganisms that can produce viral antigens by inserting specific
viral DNA fragments into their genome show promise as a platform and vector for mucosal vaccine antigen
delivery. With a well-established safety profile and the ability to transform into vaccine candidates, probiotic
bacteria have significant research potential. The authors of this study have developed a convenient and
universal technique for inserting the DNA sequences of pathogenic bacteria and viruses into the gene that
encodes the pili protein of the probiotic strain E. faecium L3. The paper presents data on the immunogenic
properties of two E. faecium L3 vaccine strains, which produce two different fragments of the coronavirus S1
protein, and provides an assessment of the protective efficacy of these oral vaccines against coronavirus

infection in Syrian hamsters.

Keywords: recombinant probiotic -based vaccines; probiotic strain E. faecium L3; mucosal vaccines;
SARS-CoV-2 spike protein; vaccine efficacy

1. Introduction

Over the past two decades, there has been ongoing surveillance and study of various
coronavirus variants within the human population [1-5]. Traditionally, weakly virulent human
coronaviruses have been responsible for causing a range of seasonal acute respiratory viral infections.
However, in recent years, coronaviruses have been implicated in the emergence of sporadic acute
respiratory syndromes characterized by alarmingly elevated mortality rates, exemplified by SARS-
CoV and MERS-CoV. The emergence of SARS-CoV-2 has initiated a global pandemic, subsequently
expedited the development of coronavirus vaccines and emphasized the necessity for the prompt
formulation and implementation of measures to mitigate severe viral and bacterial infections.

Over the past three years since the outbreak of the SARS-CoV-2 pandemic, various vaccines
based on  traditional and  innovative  technologies @ have  been  developed
(https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines). These
include subunit protein vaccines, RNA vaccines, replicating and non-replicating viral vector
vaccines, inactivated vaccines, DNA vaccines, vaccines on the base of virus-like particles, and live
attenuated vaccines. As of 2022, a total of 11 vaccines, including inactivated vaccines, viral vector
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vaccines, mRNA vaccines, and subunit protein vaccines, have been approved by the World Health
Organization for emergency use (https://extranet.who.int/pqweb/vaccines/vaccinescovid-19-vaccine-
eul-sissed).

Three years following the onset of the pandemic, a retrospective analysis of excess mortality
reveals that countries implementing well-established vaccine preventive measures exhibited the
lowest excess mortality rates [6].

The safety of all vaccines approved by the WHO has been proven in clinical trials. The severity
of post-COVID complications far exceeds the incidence of vaccination-related side effects. Thus,
global retrospective studies conducted using clinical data from millions of both vaccinated and
unvaccinated individuals have demonstrated that, on average, the relative risk of developing
cardiovascular complications for infected individuals compared to the vaccinated group was
sevenfold higher. [7].

Although, on average, post-vaccination complications are relatively infrequent, they do indeed
occur. The following adverse effects have been documented after Covid-19 vaccine administration:
thrombotic thrombocytopenia [8,9], myocarditis [10,11], allergic reactions [14], autoimmune
hepatitis, thyroid dysfunction [13,14], neurological disorders [15,16], and other [17-19].

In addition to vaccine side effects in the general population, there is also a risk of adverse
reactions in high-risk groups, such as the elderly, people with immune diseases and AIDS, transplant
recipients, and cancer patients [20].

Despite the undeniable effectiveness of existing vaccines in preventing coronavirus, it is
important to work towards improving existing vaccines platforms and developing safer vaccine
candidates.

Using recombinant probiotic bacterial strains to deliver vaccine antigens through the
gastrointestinal mucosa could be a safe and effective vaccine strategy.

The resistance of animals to infection after oral administration of a vaccine agent was described
over a hundred years ago [21,22]. This research led to the theory of local immunity [23,24], which
develops independently from the systemic immune response. Contemporary concepts of mucosal
immunity do not deny its connection with the systemic immune response and suggest that local
immune reactions play a crucial role in protection against infection at the main entry routes of viruses,
including the respiratory, alimentary, and urogenital tracts, the outer surface of the eye, and the skin.
However, the respiratory and alimentary routes are the most significant [25,26].

Several successful mucosal vaccines exist today, such as vaccines against cholera, polio,
influenza, and other infections [27-29]. Mucosal immunity is compartmentalized [30-32], but a
connection between different mucosal sites does exist. An immune response in one mucosal area can
result in more or less pronounced immune reactions in other mucosal sites [33-35]. Recent evidence
suggests that both local and systemic specific immune responses can be stimulated when vaccine
antigens reach the mucous membranes as part of probiotic bacteria through intranasal, vaginal, or
oral administration [36-39].

In our current study, we evaluated two variations of a recombinant probiotic vaccine candidate
delivered orally, based on the L3 E. faecium strain. The development principles of these probiotic-
based vaccine candidates have been previously outlined [40]. We evaluated their immunogenic
properties and protective efficacy against coronavirus infection in hamsters.

2. Materials and Methods

2.1. Cell culture.

Vero C1008 cells (obtained from ECACC: 85020206) were used in cell culture experiments. These
cells were cultured in Minimum Essential Medium (MEM) (supplied by PanAco, Russia) that was
supplemented with 2% fetal calf serum (from Sigma) in 225 cm?2 cell culture flasks (manufactured by
Cellstar, Greiner Bio-One GmbH, Germany).

The Vero cell monolayers were passaged every 3-4 days by trypsinization, with the split ratio
being approximately 1:4.
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2.2. The virus.

The SARS-CoV-2 virus strain used in the study was hCoV-19/Russia/SAB-1502/2021 (belonging
to the South Africa/gamma 1.351 501 V2 lineage with the substitutions S D80A, D215G, E484K,
N501Y), sourced from the Federal Budgetary Research Institution - State Research Center of Virology
and Biotechnology "VECTOR", Rospotrebnadzor. The selection of the virus was grounded in the
observation that, during that specific period, both the previous Beta variant and the emerging
Gamma variant of the coronavirus were concurrently in circulation.

2.2.1. Assessment of infectious activity.

Titration of the SARS-CoV-2 virus was conducted using both a plaque assay in Vero cell culture
monolayers under solid overlay media [41] and a TCID50 assay in Vero cell culture monolayers [42].

2.2.2. Preparation of virus for challenge.

Prior to the challenge, the SARS-CoV-2 virus was propagated in Vero cell culture. The cell
monolayer was produced by cultivating 2x105/mL cells in plastic flasks (Cellstar, Greiner Bio-One
GmbH, Germany) for 24 hours with 5% CO2 in a growth medium consisting of a modified Eagle's
medium under observation using a light microscope (MEM, Gibco, Thermo Scientific) supplemented
with 2% FBS (Gemini, Sacrament, CA), 100 pg/mL penicillin, and 100 pug/mL streptomycin. The virus
was adsorbed onto the cell monolayer at a concentration of 1PFU/mL for 60 minutes at 37.0°C. After
the adsorption, the inoculate was removed, the cells were washed with MEM medium, and 7-8 mL
of fresh growth medium was added. The flasks were incubated at 5% CO2 and 37.0°C for 48 hours.
The cells were pelleted, the precipitate was separated by centrifugation, and the supernatant was
aliquoted and stored at -70°C. The virus-containing product was evaluated for its sterility and
infectious activity. The infectious activity of SARS-CoV-2 was assessed using plaque and TCIDso
assays.

The following outlines the characteristics of the SARS-CoV-2 virus as it pertains to infection in
golden Syrian hamsters (Table 1).

Table 1. Characteristics of an infectious virus.

Virus Passages Concentration Concentration
strain (Ig PFU/ml) (TCIDgp/ml)
SARS-Cov-2, two passages in Vero
hCoV-19/Russia/SAB-1502/2021 6.4 55
strain Cl1008 cell

2.3. Bacteria.

The L3 strain of Enterococcus faecium and the DH5«, M15, and BL21 strains of Escherichia coli
were obtained from the Institute of Experimental Medicine's collection. The E. coli and E. faecium
strains were grown in Luria Bertani (LB) medium (Oxoid, United States) or Todd Hewitt Broth (THB)
(HiMedia, India) at 37°C with constant shaking for 14 hours. LB agar (Lennox L agar, Thermo Fisher
Scientific) and Enterococcus Differential Agar Base (TITG Agar Base) (Himedia, India) without
antibiotics or with 10 pg/ml erythromycin were used as solid media for the cultivation, quantification,
and identification of the bacteria and erythromycin-resistant enterococcal transformants.

2.4. Animals.

Syrian golden hamsters weighing between 50 to 60 grams were obtained from the ‘Andreevka’
Branch of the Federal State Budgetary Scientific Institution "Scientific Center for Biomedical
Technologies of the Federal Medical and Biological Agency" (FSBSN NTBMT FMBA Branch
‘Andreevka’).

doi:10.20944/preprints202310.1181.v1
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The animals were housed in a barrier facility under appropriate conditions in accordance with
standard procedures, with a 3-day acclimation period.

The animals were maintained and handled according to the guidelines of SP Ne1045 73 for
vivarium arrangement (GOST R 53434-2009), the "Guidelines for laboratory animals." (M.2010), and
animal protection regulations.

The hamsters were fed a complete pelleted diet and housed in plastic cages with sawdust from
wood and REHOFIX® bedding (Germany) used as bedding material. The temperature and humidity
were maintained between 15 and 21 °C and 30-70%, respectively, with a 12-hour light/12-hour
darkness cycle.

2.5. Animal Procedures.

Before immunization, the Syrian golden hamsters were evaluated for behavior, appetite, hair
quality, and mucous membrane health. The animals were weighed for grouping purposes and
divided into five experimental groups.

The experimental design is depicted in Figure 1.
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Vacl (n=20) histopathological examination and virus
Vac2 (n=20) detection in the lungs

Control group:
E.faecium L3 (n=20)

Figure 1. Experimental setup.

Table 1 and Vac2, as well as the recipient strain E. faecium L3, were orally administered in a 0.1
mL PBS suspension at a dose of 1x10° CFU. During the first round of vaccination, the vaccine was
administered once daily for three consecutive days. The second round was administered in a similar
manner three weeks later.

Twenty-eight days after the second immunization, blood and swab samples (from the throat and
cheek) were collected from five animals per group to assess the immunogenicity of the vaccine
candidates. The blood was taken under anesthesia from the subclavian vein, and the animals were
euthanized by cervical dislocation.

Two days later, hamsters were given an oral dose of 200 ul of SARS-CoV-2 virus at a dose of 4.3
log PFU. On days 3 and 6 post-inoculation, five hamsters per group were euthanized by cervical
dislocation, and lung samples were collected to assess virus replication. The tissues were
homogenized in PBS containing 100 pg/mL penicillin and 100 pg/mL streptomycin. The resulting
10% homogenates were analyzed by plaque assay on Vero cell cultures under solid overlay media.
Lung tissue samples were also obtained from three additional hamsters per group for each day for
histological examination.
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The clinical examinations were performed during the infection process to monitor for deviations
from normal physiology. The experiments were conducted in accordance with EU Directive
2010/63/EU for the use of animals in scientific research and the Federation of European Laboratory
Animal Science Associations (FELASA) Recommendations for the health monitoring of mouse, rat,
hamster, guinea pig, and rabbit colonies in breeding and experimental units. The experiments were
approved and carried out in accordance with these guidelines and under the supervision of the local
biomedical ethics committee (as recorded in meeting minutes dated November 3, 2021).

2.6. ELISA test

The commercial trimeric full-length WT S protein of SARS-CoV-2 (Vector-Best, Russia) and
recombinant SA and SB proteins, which are analogues of coronavirus inserts in the Vacl and Vac2
vaccine strains, respectively, were used as antigens in the ELISA assay. The ELISA was performed as
described by Gupalova et al. [2]. Maxisorb 96-well plates (Nunc; Denmark) were coated overnight at
4°C with 0.25 pg/mL of SA and SB proteins in a 0.1 M sodium carbonate buffer with pH 9.3. A series
of two-fold dilutions of the sample (100 puL) was added to duplicate wells and incubated for 1 hour
at 37°C. The plates were washed with a blocking buffer (0.05% Tween-20 in PBS) between each stage.
The same buffer was used for dilution of the serum and reagents. HRP-labeled goat anti-hamster IgA
or IgG antibodies (Sigma) were added (100 uL/well). After incubation at 37°C for 1 hour, the plates
were developed with 100 uL/well TMB substrate (BD Bioscience). A color reaction was detected after
20 minutes of incubation, which was stopped with 30 uL of 50% sulfuric acid. The endpoint ELISA
titers were expressed as the highest dilution that yielded an optical density at 450 nm (OD450) greater
than the mean OD450 plus 3 standard deviations of the negative control wells.

2.7. Evaluation of virus neutralizing activity of serum and swabs

2.7.1. Plaque reduction neutralization test on Vero cell culture monolayers under solid overlay
media

The presence of antibodies that neutralize the replication of 100 PFU/ml of SARS-CoV-2 in Vero
1008C cells was determined through a plaque assay in Vero cell culture monolayers under solid
overlay media. Two-fold dilutions of heat-inactivated hamster sera were tested, with four replicates
per each dilution. The viral cytopathic effect was evaluated on day 4, and the highest dilution of
blood serum in which the decrease in plaque number exceeded the negative control by at least 50%
was defined as the antibody titer.

2.7.2. The neutralizing properties of a sample were evaluated through the inhibition of binding
between SARS-CoV-2 protein 51 and human ACE2 in an ELISA assay

Micro well plates were coated with 100 uL of ACE2 (HyTest, Russia) at a concentration of 1.6
pg/mL in 0.01 M phosphate buffer saline (PBS) solution at pH 7.4, and incubated for 24 hours at 4°C.
In parallel, 150 pL of horseradish peroxidase-conjugated recombinant full-length S glycoprotein of
the Wuhan-Hu-1 SARS-CoV-2 virus (ID: 43740568) was added to the wells of another microtiter 96-
well plate at a pre-selected optimal concentration. Whole animal serum samples and nasopharyngeal
washes were added to the wells in a 1:16 dilution, followed by incubation for 15 minutes at 37°C with
shaking.

The ACE2-coated plate was washed three times with 350 uL of PBS with 0.05% Tween-20
(Sigma-Aldrich, Germany). The co-cultured test samples with the SARS-CoV-2 S-protein conjugate
was transferred to the ACE2-coated wells, incubated for 1 hour at 37°C with shaking, and then
washed five times with 350 uL of PBS with 0.05% Tween-20. After an additional incubation for 1 hour
at 37°C, the plates were developed with 100 uL/well TMB substrate (BD Bioscience) and a color
(OD450) was detected after 25 minutes of incubation, followed by stopping the reaction with 30 uL
of 50% sulfuric acid.
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A Syrian golden hamster serum that was free of specific antibodies to SARS-CoV-2 was used as
anegative control, while human serum with a predetermined concentration of IgG to the SARS-CoV-
2 S protein was used as a positive control.

The Index of Neutralization (IN) was determined by the formula:

IN =100 - (ODs/ODnc) x 100 (%),

where ODs represents the mean OD450 value in the wells containing the test sample, and ODnc
represents the mean OD450 value in the wells containing the negative control.

A neutralization index of greater than 20% was considered a positive result and was consistent
with the IN observed in the positive control, which had a known neutralizing antibody concentration
of 12.5 PFU/ml.

2.8. Evaluation of the antiviral efficacy of experimental samples was conducted according to the guidelines set
by the Scientific Centre for Expert Evaluation of Medicinal Products of the Ministry of Health of the Russian
Federation. The viral inhibition coefficient (CI, %) was calculated using the following formula:

CI=[(Anc- As) / Anc ] x 100(%)

where Anc is the concentration of the virus determined by the plaque assay in Vero cell culture
monolayers under solid overlay media in the absence of test samples (PFU/ml), and As is the
concentration of the virus determined by the plaque assay in Vero cell culture monolayers under
solid overlay media after the addition of test samples (PFU/ml).

2.9. Bioinformatics Analyses

DNA and putative protein analysis were performed employing BLAST NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and ExPASy (http://www.expasy.org program) packages
available in public domains. DNA primer design was accomplished by Primer 3.0 computer program.
Protein sequence analysis for the presence of the B-cell and T-cell epitopes was preformed employing
free Immune Epitope Database and Analysis Resource (IEDB) (Figure 51-53).

2.10. Construction of Recombinant Probiotic Vaccines Vacl and Vac2

Two vaccine strains were generated by incorporating DNA fragments encoding two distinct S1
protein regions of the coronavirus into the genome of the probiotic strain E. faecium L3 (Figure 2).

1 1
1 1
1 1
NTD SD1 RBD i RBM | SD2
i i
1 L}
L L}
| 1
1 13 308 a3 438 506 528 685
b Vac2 ———
364 533
—— Vacl —_—
496 646

Figure 2. The structure of the coronavirus inserts in a live probiotic vaccine.

Schematic representation of the domain arrangement of the SARS-CoV2 S1 protein. N-terminal
domain, RBD-receptor-binding domain, RBM-receptor-binding motif, SD1 and SD2-subdomains.

The diagram above shows the relative position of the SA and SB coronavirus amino acid
sequences inserted in the vaccine strains Vacl and Vac2, respectively.

The construction of clone Vacl was previously reported [40]. The Vac2 clone was produced
using the same method, with the only difference being the incorporation of a different DNA sequence
(GenBank: ON803610.1) into the integrative plasmid that was inserted into the chromosome of E.
faecium L3 (Table 2). This sequence encodes the receptor-binding domain of SARS-CoV-2, including
three amino acid mutations relative to the wild-type virus: K417N, E484K, and N501Y.
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Table 2. SARS-Cov2 sequences incorporated into E. faecium L3 chromosome.

E.faecium L3 with Recombinant
SARS-CoV2 Inserted sequence (GenBanc link) polypeptide analogue
insertion of insert

Vacl Synthetic construct of partial S1 spike protein
Vacl gene, cds. GenBank: OL447006.1 SA
https://www.ncbi.nlm.nih.gov/nuccore/OL447006.1/
Synthetic construct of partial S1 spike protein gene,
cds. GenBank: ON803610.1

Vac2 SB

2.11. Recombinant proteins production.

The production of recombinant proteins SA and SB, derived from SARS-Cov-2 RNA fragments
cloned into E. coli expression vectors, was carried out using a previously reported method [40]. The
gene fragments of the S1 spike protein were inserted into E. coli using the primers and vectors listed
in Table 3.

Table 3. Expression of SA and SB proteins in E.coli.

R -
nicolt_::)elil: Vector Produce Primer Direction Nucleotide sequence from Purpose
P rstrain s 5'to 3' 5'to 3' P
name
PQE-30 AAGGATCCATACATAT  Cloningagene
(Qiagen Covl F fragment for protein
. GGGTTTCC .
SA , E.coli SA production
Hil 1 i
ilden, M5 TGTCGACGGAGCTCGA . Cloning agene
German Cov2 R fragment for protein
ATT .
) SA production
pET- Cloning a gene
) TGTCCTATATA agment ot prote
(Qiagen . SB production
E. coli
5B ’ BL21 Cloning a gene
Hilden, Cv22 . CCAAGCTTAGTAGACT AR
German TTTTAGGTCCACA 8 1em ot PoTeil
) SB production

The E. coli strains producing SA and SB were grown in Terrific broth supplemented with 25
pg/ml kanamycin and 100 pg/ml ampicillin, respectively, until reaching the late logarithmic growth
phase (OD 600 = 0.7 to 0.9). Protein expression was induced by the addition of IPTG, and the cells
were cultured for an additional 4.5 hours. The cells were then collected by centrifugation and stored
at -70°C. After thawing, the cell pellet was suspended in 8M urea, 0.1M Na2HPO4, 0.1M NaH2PO4
(pH 8.0) and incubated at room temperature with stirring for 1 hour. The resulting supernatant was
purified through a Ni Sepharose column (Qiagen, Hilden, Germany), the proteins were eluted using
0.4 M imidazole under denaturing conditions, dialyzed against 0.4 M NaCl, 0.02 M Na2HPO4/NaOH
(pH 9.2) overnight at 6°C without stirring, filtered through 0.45-micron Millipore filters, and stored
at 6°C. The molecular weight of protein SA was found to be 24.5 + 0.5 kDa, while protein SB had a
molecular weight of 22.5 + 0.5 kDa (Figure S4). The amino acid sequence of the polypeptides was
confirmed using MALDI-TOF/TOF analysis (Bruker Daltonics, Germany) and was found to
correspond to the structure of the nucleotide inserts in the E. coli genome (data not shown).

2.12. Macroscopic examination of the lung.

During the visual inspection, the following features were documented: morphological
characteristics, pigmentation, observable trauma, etc. The pathological alterations in the lung tissue

doi:10.20944/preprints202310.1181.v1
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due to the SARS-CoV-2 virus were categorized into 5 classes based on the extent of harm and
quantified using a score ranging from 0 to 4 as per the defined criteria.
The scoring system is outlined in Supplement Table S1.

2.13. Histological Analysis

After harvesting, the animal lungs were preserved in 10% neutral formalin for 21 days at ambient
temperature to inactivate the virus. After fixation, samples were rinsed three times in distilled water,
one hour for each change. The material underwent dehydration using ethanol solutions of increasing
concentration and embedded in paraffin (Richard-Allan Scientific Paraffin, Microm, Germany) with
Spin Tissue Processor STP 120 (Microm, Germany) following established protocol. 5-um-thick
sections of the right lung paraffin block were cut using a rotary microtome (Rotary 3003 PFM Medical,
PFM Medical, Germany) and mounted on HistoBond-M adhesive slides (Marienfeld, Germany). The
lung tissue was assessed via hematoxylin-eosin staining, resulting in blue-violet staining of the cell
nuclei, moderate oxyphilic cytoplasm in the smooth muscle cells of blood vessel walls, visible red-
brown erythrocytes in the vessel lumen, and pink connective tissue fibers. The specimens were
examined under a microscope (Leica DM750) and photographs were captured using a digital camera
(Leica ICC50, Leica, Germany) with standardized light, contrast, and magnification settings.

2.14. Statistical analyses

Data normality was tested by Shapiro-Wilk test, and a student’s t test was performed to obtain
the statistical significance (p-value). The results are presented as the mean +SEM. Statistically
significant differences between groups were determined by ANOVA with Tukey’s multiple
comparison test or in the case of non-normally distributed data, a nonparametric Mann-Whitney U-
test. Data were analyzed with the statistical module of GraphPad Prism 6 software (GraphPad
Software, Inc., San Diego, CA, USA). P values of <0.05 were considered significant.

Pearson’s correlation was used to determine the correlation between antigen-specific IgG and
IgA in matched saliva and serum/plasma samples collected from the same person at the same time
point.

3. Results

The objective of the study was to assess the protective efficacy of two recombinant enterococcal
strains designated as Vacl and Vac2 as probiotic vaccines.

Construction of Vacl was previously described [40], and Vac2 was constructed using the same
approach.

A 533 bp S1 DNA fragment encoding the complete receptor-binding domain (RBD) region of the
SARS-CoV-2 virus was selected from the database (GenBank: ON803610.1) for insertion into the
probiotic genome. The target protein was analyzed using ExPASy and IEDB tools, revealing the
presence of linear B cell determinants and MHCI and MHCII T cell epitopes.

Purified recombinant proteins homologous to the insert were generated to analyze the specific
immune response to the viral polypeptides expressed by the probiotic bacterium. A recombinant
protein designated as SB was generated for the Vac2 strain, with a molecular weight of 22.5 kDa
(Figure S4). The homology of the amino acid sequence of the protein SB to the target DNA fragment
was confirmed using MALDI-TOF/TOF analysis.

A recombinant protein designated as SA was previously generated for the Vacl strain and
described [40].
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3.1. The safety and immunogenic properties of the vaccine strains Vacl and Vac2.

Three experimental groups were established: two received the recombinant vaccine strains Vacl
and Vac2 and one served as a control group and received the unmodified E. faecium L3 strain.

Physical assessments were performed on Syrian golden hamsters during the vaccination
process, including weight measurements and evaluations of behavior, body fatness, hair, skin,
mucous membranes, excrement, and breathing. All observations were found to be within normal
physiological ranges.

The body weight of hamsters in all experimental groups did not show significant differences,
which indicated normal physiological conditions and the absence of toxic effects from the
administered probiotic dose (Table 4).

Table 4. - Effect of vaccination on body weight of Syrian golden hamsters.

Experimental Body weight of animals in the group (g)
groups 0 Day 5 10 15 20 25 30 35 40
VacA 54.9+0.5 60.1+0.8 66.3+0.2 73.6+1.8 77.3+1.6 86.5+1.1 89.8+2.6 91.2+3.3 94.3+1.1
VacB 51.2+1.8 53.4+1.6 59.5+1.2 65.1+1.2 69.0+0.9 78.2+2.5 82.0+3.4 84.9+1.4 89.0+2.1
E. faecium L3 54.3+0.6 58.1x1.5 63.1x1.6 66.7+1.3 70.9£1.5 76.4+1.7 79.2+2.2 83.4+1.1 87.5+1.0

Blood serum and nasopharyngeal swab samples were collected 28 days after the second round
of immunization.

The humoral immune response was evaluated using three methods. The neutralizing antibody
levels were measured through plaque reduction neutralization testing on Vero cell monolayers in
solid overlay media and an enzyme-linked immunosorbent assay (ELISA) utilizing human
angiotensin-converting enzyme 2 (ACE-2). The presence of specific IgG antibodies was also
determined through ELISA, using full-length S1 protein from a commercial kit, as well as
recombinant homologs of the viral inserts, SA and SB, as antigens.

On day 28 after administering two rounds of the oral live recombinant probiotic vaccine Vacl
and Vac2 to Syrian golden hamsters, a low but statistically significant level of virus-neutralizing
antibodies was detected through the plaque reduction neutralization test on Vero cell culture. The
antibody titer was found to be 2-4 (Table 5), whereas no virus-specific antibodies were observed in
the control group of animals that received oral administration of E. faecium L3.

Table 5. The level of virus-neutralizing antibodies in Syrian golden hamsters in the Plaque reduction
neutralization test on Vero cells.

Experimental groups Number of animals Reciprocal titers
Vacl 5 (2-4)
Vac2 5 (2-4)
E. faecium L3 5 <2

The evaluation of the virus-neutralizing activity of the hamsters' sera immunized with the oral
live recombinant probiotic vaccines Vacl and Vac2 using an enzyme-linked immunosorbent assay
with human angiotensin-converting enzyme (ACE2) as the target showed that most of the sera had
positive virus-neutralizing activity (Table 6). The mean values of virus-neutralizing activity were
higher in the Vacl and Vac2 groups than in the E. faecium L3 control group, although the differences
were not statistically significant (p=0.22 and p=0.14, respectively). However, the virus-neutralizing
activity of the sera in the Vacl and Vac2 groups was statistically significant (p<0.05) compared to the
untreated control group. Additionally, it should be noted that the average values of virus-
neutralizing activity in hamsters treated with the original E. faecium L3 exceeded those in the
untreated control group, but the difference was not statistically significant (p=0.09).
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Table 6. Evaluation of the level of virus-neutralizing activity in Syrian golden hamsters by inhibition
of S- protein binding to human ACE 2 in ELISA.

Experimental groups ~ Sample number* The neutralization index The neutralization index

of serum ** of swabs**

1 25.2 14.5
2 375 19.7

Vacl 3 23.8 22.4+7.7 14.8 13.143.9
4 4.8 6.8
5 20.7 9.6
6 15.0 5.8
7 43.2 26.6+12.0 11.7

Vac2 8 38.6 12.9 11.643.0
9 8.2 9.7
10 28.1 17.7
11 17.5 214
12 11.9 14.5

E. faecium L3 13 26.1 14.1+6.2 26.7 175452
14 7.9 16.2
15 7.1 8.7

Untreated control group 21 1.8 5.9+2.1 5.5 5.3x1.7

* Each sample number corresponds to the results obtained from the study of serum and swabs collected from
the same animal. ** According to the method, a neutralization index level of more than 20% was taken as a
positive value.

Simultaneously collected nasopharyngeal swabs of hamsters were analyzed using the same
assay. Results showed that virus-neutralizing activity in swabs from hamsters treated with any of the
probiotics was significantly higher compared to the untreated control group. The virus-neutralizing
activity of swabs from hamsters in the Vacl, Vac2, and E. faecium L3 groups showed correlation with
the level of virus-neutralizing activity in their blood sera, with correlation coefficients of 0.94, 0.49,
and 0.92, respectively, suggesting a positive relationship between the two variables. In contrast, the
correlation in the untreated control group was close to zero (-0.03).

An enzyme-linked immunosorbent assay (ELISA) was conducted to analyze specific IgG
antibodies in the blood sera, using the full-length commercial SARS-CoV-2 S protein as the antigen.
Results showed the presence of S-specific antibodies in the blood sera of hamsters orally vaccinated
with the probiotics (Figure 3).
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Figure 3. Analysis of specific IgG in sera by ELISA. The OD450 values of sera diluted 1:100 are shown.
The results are presented as the mean +SEM (n=5/group). *- A statistically significant difference
between the two groups was identified using a Mann-Whitney U test.

Additionally, blood sera from hamsters in the same group were analyzed using an ELISA assay
with recombinant SA and SB proteins as antigens (Figure 4). The results showed the presence of
specific IgG antibodies in the blood sera of hamsters immunized with the live vaccine.
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Figure 4. Analysis of specific IgG in pooled blood sera in ELISA with SA and SB proteins as antigens
(n=5/group).

After administering the Vacl (A, C) and Vac2 (B, D) vaccines, blood sera from individual animals
were combined and analyzed using an ELISA assay to assess the presence of IgG antibodies against
recombinant SA and SB proteins, which are similar to the coronavirus components in Vacl and Vac2,
respectively.

(a, b) Comparison of sera in ELISA based on OD450 values. The optical density at 450 nm (ODaso)
was determined for serum diluted 1:20.

(c, d) Comparison of sera in ELISA based on the end-point ELISA titers. To determine the titer,
the serum dilution was considered at which the OD450 was five times higher than that of the serum
from an untreated hamster (OD=0.240).

3.2. The protective efficacy of Vacl and Vac2 oral vaccines against SARS-CoV-2 infection

Hamsters from all examined groups were orally challenged with a dose of 4.3 g PFU of the virus
in a volume of 200 ul. Virus titer in the lungs of hamsters was quantified on days 3 and 6 post-
infection. On day 6 post-infection, the SARS-CoV-2 virus load in the lungs of hamsters orally
vaccinated with Vacl and Vac2 strains showed a reduction of 82.07% and 99.56%, respectively, as
compared to the control group receiving oral administration of E. faecium L3 (Figure 5, Table S1).
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Figure 5. Analysis of SARS-CoV-2 virus load in the lungs on days 3 and 6 after oral vaccination.

Syrian hamsters were orally administered Vacl, Vac2 and E. faecium L3 according to the
schedule in Materials and Methods. Hamsters were orally challenged with SARS-CoV-2 28 days after
the second vaccination course. After 3 (n=3/group) and 6 (n=3/group) days from the onset of infection,
the lungs were obtained.

The viral load (a), decrease in viral load (b) and inhibition coefficient (c) were determined. *- A
statistically significant difference between the two groups was identified using a Mann-Whitney U
test.

3.3. A comparative macroscopic and histological analysis of the lungs during coronavirus infection

A macroscopic visual comparison of pulmonary pathology in Syrian hamsters following oral
infection with SARS-CoV-2 was performed. Pathological changes in the lungs caused by the virus
were divided into 5 groups and assessed on a scale from 0 to 4 depending on the degree of damage
(Table S2).

The lungs of untreated hamsters had normal anatomical and physiological characteristics, a pale
pink color and an unexpressed vascular pattern. The lungs were normal in volume and consistency,
with smooth margins.

On the 3rd day after infection, when the accumulation of the virus in the lung tissue reached its
peak, examination of the lungs of infected Syrian golden hamsters revealed almost the same lesions
in all groups (n=3/group). The lungs are plethoric, the vessels in the bronchial region are dilated.
There were areas of both normal and focal inflammatory changes. The volume and consistency of the
lungs are normal.

On the day 6 after infection, foci in the lungs continued to be detected in all experimental animals
(n=3/group). In the untreated control group, small (2-3 mm) hemorrhagic foci and medium focal
pneumonia were found in the lungs. Compared to the untreated group, vaccination with both Vacl
and Vac2 resulted in less severe lung damage. Vacl-vaccinated hamsters showed lower lung
involvement with small (approximately 1 mm) hemorrhagic lesions. The hamsters that received the
Vac2 vaccine had the best lung condition. Slight inflammatory changes were observed with a grey-
pink lung color similar to that of the E. faecium L3 strain control group.

Thus, post-mortem studies revealed the most severe forms of lung disease in untreated Syrian
hamsters on the day 6 after infection with 4.3 Ig PEU/hamster SARS-CoV-2. The pathological anatomy
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of the lesion was characterized mainly by the development of mid-focal pneumonia. On the Figure
6f shows the results of lung damage assessment according to Table S3.

According to microscopic examination of the lungs (Fig 6 a-e) of untreated control animals and
those treated orally with E. faecium L3, Vacl, and Vac2, diffuse alterations in the alveoli were noted
three days post-infection without the development of pneumonia foci. No intergroup differences
were observed. Six days after infection, the lungs of animals displayed alternating areas of
emphysema and atelectasis, pneumonia foci with fibrinous-hemorrhagic exudate, which is
characteristic of viral pneumonia. Based on the evaluation of lung injury markers, the Vac2 group
exhibited the highest level of resistance to infection, whereas the untreated control group
demonstrated the lowest resistance.
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Figure 6. - Histological and macroscopic analysis of lung tissue.

The Syrian hamster lungs were examined on day 6 using Hematoxylin and eosin stain: untreated
and uninfected control animals (a); animals that were orally vaccinated with E. faecium L3 (b), live
recombinant probiotic vaccines Vacl (c¢) and Vac2 (d); untreated and infected hamsters (e)
(n=3/group).

The pulmonary pathology in Syrian hamsters after SARS-CoV-2 virus infection on day 3 and 6
post-SARS-CoV-2 virus infection (n=3/group/point) was quantified using a scoring system (f).
Hematoxylin and eosin staining. x10. Scale bar corresponds to 200 pm.

4. Discussion.

Despite the successful development and licensing of several effective COVID-19 vaccines [43—
45], widespread global vaccine deployment has not yet led to achieving herd immunity. Therefore,
there is a need for ongoing development of new vaccine platforms that are cost-effective, readily
available, and efficient.

The COVID-19 pandemic has accelerated the introduction of novel techniques for producing
effective vaccines. This advancement may facilitate the emergence of new and diverse vaccines in the
future, as traditional vaccine development methods have historically required a decade or more [46—
48].

In addition to the established inactivated and subunit protein vaccines [49,50], novel technology-
based approaches to combat the spread of COVID-19 have led to the development of viral vector
vaccines [50] and mRNA vaccines [51,52].

The exploration of various methods to introduce vaccine antigens into the body will persist in
the future to enhance vaccine safety, streamline antigen preparation procedures, and augment the
immunization efficacy.
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The potential and effectiveness of delivering vaccine antigens through live recombinant vaccines
using probiotic microbial strains have been validated by numerous laboratory studies [1,2,39,53]. A
number of these live vaccines are in various stages of clinical trials [54,55].

The study of two live recombinant probiotic vaccines, Vacl and Vac2, was conducted to evaluate
their immunogenic and protective properties. The genomes of these vaccines were modified by
insertion mutagenesis, resulting in the insertion of DNA fragments encoding partially overlapping
sequences of the coronavirus S1 protein. The method for constructing Vacl was previously described
by us [40]. Analysis of the vaccine strain showed expression of the viral antigen on the surface of the
bacterial cells, as demonstrated by immune electron microscopy using serum from SARS-CoV-2
patients.

Vac2 was constructed similarly to Vacl and both vaccine strains were based on E. faecium L3.
The inserted DNA fragments encoding different regions of the S1 protein of the coronavirus were of
similar size and located in the same region of the gene encoding the main pili protein, which is
exposed on the surface of bacteria [40] .

A fragment of the S1 protein of the coronavirus, including a partial region of RBD (496-646,
GenBank: OL447006.1), was inserted into the genome of Vacl. The insert contained a significant
portion of B- and T-dependent determinants, in addition to the RBD region. It has been established
that the evolution of pandemic strains occurs mainly due to mutations in the RBD region [56]. Thus,
the choice of this particular antigenic region of the coronavirus spike protein suggests that the
vaccine's effectiveness should not be significantly impacted by the process of antigenic variability of
the pathogen under immune selection pressure.

The Vac2 vaccine strain was constructed with a coronavirus DNA insert encoding the full-length
receptor-binding domain (RBD) of the S1 protein (positions 364-533, GenBank: ON803610.1). The
original DNA sequence of SARS-CoV-2 was modified to incorporate changes in key residues
responsible for ACE2 binding, including K417N, E484K, and N501Y. The resultant amino acid
sequence corresponded to the beta coronavirus lineage B.1.351 (SARS-CoV-2), generating antibodies
that can bind not only the Beta but also Gamma and Omicron lineages of coronaviruses [57]. The
fragment contained both MHC class I and MHC class II restricted antigenic determinants, according
to the Immune Epitope Database.

Both strains of the live recombinant probiotic vaccine were tested in hamsters. They expressed
different fragments of the coronavirus S1 protein, with one of them containing the entire RBD
domain. The live vaccines were administered orally, thus eliciting an immune response through the
mucous membranes of the oral cavity and digestive system. Animals treated orally with the original
E. faecium L3 variant served as controls, receiving the same dose and following the same schedule
(Figure 1).

Observation of hamsters during mucosal and parenteral vaccination did not reveal any
significant differences in terms of body weight gain, behavior, or physiological parameters (Table 4),
indicating the safety of the vaccination procedures.

The immune response to mucosal vaccination was evaluated through several assays. Two of
them measured the level of virus-neutralizing antibodies in the blood serum of the experimental
animals (Tables 5 and 6). A conventional ELISA was also conducted, where commercial full-length S
protein or recombinant analogues (SA and SB) of the coronavirus inserts were adsorbed onto plates
as antigens (Figure 3 and 4). According to ELISA data conducted with a commercial protein (Figure
3), the immune response parameters for Vacl and Vac2 were significantly different from the control,
as determined by nonparametric analysis.

The results of all tests showed that the level of circulating virus-specific antibodies after oral
vaccination with both vaccine strains was moderate. Thus, analysis of the neutralizing activity of the
serum from vaccinated hamsters revealed a reciprocal titer of 2-4 in the neutralization reaction on
Vero cells (Table 5). At the same time, no neutralizing activity was observed in the control group.
Thus, oral vaccination with both Vacl and Vac2 led to the accumulation of factors in the blood serum
that could bind to the SARS-CoV-2 S protein and prevent its entry into Vero cells. The absence of a
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significant difference in the neutralization value between the Vacl and Vac2 groups might be due to
the low level of humoral specific immune response.

Further analysis of the serum by enzyme immunoassay revealed that most of the blood serum
from hamsters immunized with Vacl and Vac2 had a positive virus-neutralizing activity against the
human angiotensin-converting enzyme (ACE2) (Table 6). This suggests that the serum contained
factors that could bind the coronavirus S protein in solution and prevent its interaction with ACE2.

In this study, we evaluated the virus-neutralizing properties of swabs collected from the oral
mucosa. Regrettably, our results indicate that the neutralization index of all groups analyzed was
below the established positive threshold of 20% for this method (Table 6). This finding may be
attributed to the lower sensitivity of antibody detection procedures in secretions as compared to
serum, as well as to the lower concentration of specific IgG antibodies in saliva [58,59].

It is noteworthy that the S protein-binding efficacy in buccal swabs of hamsters treated with
probiotics in the forms of Vacl, Vac2, and Enterococcus faecium L3 (Table 6) was significantly higher
than that of untreated hamsters. This effect can be elucidated by the immunomodulatory properties
of probiotic bacteria, which have been extensively described in the scientific literature [60-62].
Probiotics have demonstrated their capability to stimulate the innate immune system, which involves
the production of natural antibodies that exhibit broad-spectrum antimicrobial and antiviral activities
[63,64].

We examined the correlation between the virus-neutralizing activity levels in sera and buccal
swabs of vaccinated animals. Although a positive correlation was observed, statistical significance
was not achieved, most likely due to the limited sample size in the experimental groups. In the
literature, there are varying opinions on the relationship between serum antibody levels and
secretions following infection or vaccination. Several studies support a positive correlation between
specific IgG and IgM, but a weaker correlation between IgA.

An ELISA was conducted on blood sera to detect virus-specific IgG using a commercial full-
length SARS-CoV-2 S protein (Figure 3) and recombinant SA and SB polypeptides that were
homologous to the viral inserts in Vacl and Vac2 (Figure 4). The results indicated that the blood sera
of hamsters in both Vacl and Vac2 groups contained S-specific antibodies that could interact with
the commercial full-length S protein. Statistically significant differences were observed between the
Vacl group and the control group, while the differences between the Vac2 group and the control
group were slightly higher than 0.05, which might be improved with a larger sample size of animals
(Figure 3).

The pooled serum samples from each group were subjected to analysis using recombinant
proteins SA and SB as antigens in ELISA (Figure 4). While the pool of immune sera exhibited elevated
OD450 values compared to the control animals, the absence of individual analyses precluded any
statistical data processing and only permitted the observation of a trend.

Therefore, our study demonstrated that oral vaccination with probiotic recombinant strains
carrying two different fragments of the S1 coronavirus protein elicits a specific humoral immune
response to viral proteins.

From the perspective of conventional vaccinology, a moderate humoral immune reaction to a
vaccine is deemed unfavorable. Nonetheless, findings from investigations into mucosal vaccines
suggest that protection against infection can be attained even with low quantities of specific
antibodies present in the bloodstream [1,63,65].

Despite a moderate humoral immune response from oral vaccination, the hamsters were
protected from oral coronavirus infection. Vac2, which carried the DNA sequence encoding the
complete RBD motif of spice protein with substitutions in positions E484K, N501Y, exhibited the
highest level of protection.

For the infection, the SARS-CoV-2 virus strain hCoV-19/Russia/SAB-1502/2021, which carries
amino acid substitutions in the spike protein D215G, E484K, N501Y, was selected. As previously
mentioned, despite being similar to the beta coronavirus variant, the amino acid sequence of Vac2
was found to stimulate antibodies that neutralize not only beta but also gamma and omicron
coronavirus strains, according to previous reports [57].


https://doi.org/10.20944/preprints202310.1181.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023 doi:10.20944/preprints202310.1181.v1

16

The viral insert in the Vacl vaccine was constructed based on the GenBank sequence
OL447006.1, which corresponds to the earliest Wuhan version of SARS-CoV-2 and precedes the
antigenic group of gamma viruses. Vacl contained only a portion of the RBD, while the majority of
the coronavirus insert did not belong to RBD and is reportedly less susceptible to mutation according
to literature [57]. As a result, the coronavirus protein in Vacl and the virus used for infection may
share several antigenic epitopes.

The oral route of infection was chosen due to the several reasons. The coronavirus spreads
through various transmission pathways in real-world situations, including oral transmission through
close interpersonal contact or exposure to exudates from infected individuals during coughing or
sneezing episodes. It is well established that coronavirus can penetrate the human body through
multiple means, not limited to the susceptible cells of the upper respiratory tract. Studies have shown
that the epithelium of the oral cavity [66] and the gastrointestinal tract [67] can also support virus
replication.

Our selection of the infection method took into account that the strongest immune response
would occur at the mucous membrane where the vaccine was administered. This led us to expect that
the oral vaccine's protective effectiveness would be highest when combined with the oral infection
route.

Using the oral infection method offers better precision and standardization for introducing the
virus in laboratory settings compared to aerosol-based methods. This meticulous control ensures
consistent viral dosing for all experimental subjects. Moreover, prioritizing participant safety makes
oral infection a preferable and safer choice.

Therefore, the choice of infection method aimed to establish optimal experimental conditions
while aligning with documented modes of infection transmission during the epidemic. It's
important to note that we have previously demonstrated the efficacy of probiotic oral vaccines
against viral and bacterial respiratory infections too [1,53]. This suggests a potential similar outcome
for coronavirus infection, but empirical validation is necessary.

Oral administration of the virus resulted in a full-fledged coronavirus infection and virus entry
into the hamsters' lungs. The development of the infection was evaluated through anatomical and
histological examination of the lungs on days 3 and 6 post-infection, as well as through measurement
of the viral load in the lung at the same time.

Administration of recombinant Vacl and Vac2 vaccine strains reduced the accumulation of the
virus in the lungs. Results from Figure 5 showed that on day 6 post-infection, the reduction was
82.07% and 99.56%, respectively, compared to the control group treated orally with E. faecium L3.
The vaccine strain with the highest efficacy in suppressing viral replication in lung tissue was Vac2,
which contained the RBD and was antigenically similar to the infecting virus. Vaccination with Vacl
also demonstrated a significant protective effect.

Despite the moderate level of humoral immune response, live recombinant probiotic vaccination
effectively suppressed coronavirus infection. Other mechanisms, such as cellular cytotoxicity, may
have also played a role in the antiviral protection. Literature suggests that mucosal vaccination with
probiotic bacteria carrying a pathogenic antigen can induce such specific mechanisms [68,69].

The presence of protection despite a relatively weak humoral immune response is of interest in
the context of the discussion on the consequences of an inadequate immune response during
infection, as excessive, inappropriate, or altered immune responses can lead to increased tissue
damage, impaired lung function, and worsening of respiratory disease [70].

Pathological and histological comparison of lung damage during infection showed that the
coronavirus caused the most severe damage in untreated hamsters (Figure 6). The hamsters
vaccinated with Vac2 were least affected by the infection.

The data suggests that the recombinant vaccine strains created from the probiotic strain E.
faecium L3, which express immunogenic fragments of the S1 protein of the coronavirus, can
effectively suppress SARS-CoV-2 infection in laboratory hamsters after oral vaccination. The vaccine
strains, both containing RBD and encoding other antigenic domains of the S1 protein, limit viral
reproduction. The technology for producing the recombinant vaccine strains is simple and easily
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reproducible, making it possible to quickly develop new vaccines to adapt to changes in the
pathogen's antigenic properties under the pressure of the immune response. Probiotic-based
vaccines, such as the studied strains or similar ones, may have advantages in terms of safety, ease of
production and use, and therefore, low cost and accessibility.

5. Conclusions.

In this study, we evaluated the protective efficacy of two recombinant Enterococcus strains
expressing SARS-CoV-2 viral amino acid sequences in the Syrian golden hamster model. Oral
administration of the strains resulted in an immune response that was effective in protecting against
SARS-CoV-2 infection. The inhibition of virus reproduction was 82% and 99% in the vaccinated
hamsters compared to the control group, which is also supported by the data from the morphological
analysis of the lungs. These findings suggest that immunization with probiotic vaccine candidates
could serve as a potential alternative to injectable vaccines against coronaviruses.

Author Contributions: Conceptualization, A.S., D.K,, and S.B.; methodology, Y.D., SL., T.G;
validation, S.L., G.L., Y.D.,., Y.Y. and Z.Z,; formal analysis, S.L., G.L.; investigation, T.K., E.B.,0.Ko.,
0.Ki,s.S, DK, ILK,V.S, S.S.; writing—original draft preparation, S.L., G.L., Y.D.; writing—review
and editing, A.S., Y.D., G.L.; visualization, S.L., G.L.; supervision, A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Science and Higher Education of the Russian
Federation, No 075-15-2022-302 (20.04.2022)

Institutional Review Board Statement: The experimental procedures adhered to the
principles outlined in the EU Directive 2010/63/EU for animal experiments and were approved and
conducted in accordance with the guidelines and under the supervision of the local Biomedical Ethics
Committee. The ethics committee meeting held on 28th January 2021 documented the approval of
these experiments (Minutes of the meeting 1/21).

Data Availability Statement: All data is contained in the text of the article and supplementary data
files.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S, et al. A novel coronavirus associated
with severe acute respiratory syndrome. N Engl ] Med. 2003 May 15;348(20):1953-66. doi:
10.1056/NEJMo0a030781. Epub 2003 Apr 10. PMID: 12690092.

2. Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA. Isolation of a novel coronavirus
from a man with pneumonia in Saudi Arabia. N Engl ] Med. 2012 Nov 8;367(19):1814-20. doi:
10.1056/NEJMoal1211721. Epub 2012 Oct 17. Erratum in: N Engl ] Med. 2013 Jul 25;369(4):394. PMID:
23075143.

3.  HijawiB, Abdallat M, Sayaydeh A, AlqasrawiS, Haddadin A, Jaarour N, et al. Novel coronavirus infections
in Jordan, April 2012: epidemiological findings from a retrospective investigation. East Mediterr Health J.
2013;19Suppl 1:512-8. PMID: 23888790.

4. Meyer, B, Miiller, M. A., Corman, V. M., Reusken, C. B,, Ritz, D., Godeke, et al. (2014). Antibodies against
MERS coronavirus in dromedary camels, United Arab Emirates, 2003 and 2013. Emerging infectious
diseases, 20(4), 552-559. https://doi.org/10.3201/eid2004.131746

5. Desforges M, Le Coupanec A, Dubeau P, Bourgouin A, Lajoie L, Dubé M, et al. Human Coronaviruses and
Other Respiratory Viruses: Underestimated Opportunistic Pathogens of the Central Nervous System?
Viruses. 2019 Dec 20;12(1):14. doi: 10.3390/v12010014. PMID: 31861926; PMCID: PMC7020001.

6. Matveeva O, Shabalina SA. Comparison of vaccination and booster rates and their impact on excess
mortality during the COVID-19 pandemic in European countries. Front Immunol. 2023 Jul 6;14:1151311.
doi: 10.3389/fimmu.2023.1151311. PMID: 37483606; PMCID: PMC10357837

7. Voleti N, Reddy SP, Ssentongo P. Myocarditis in SARS-CoV-2 infection vs. COVID-19 vaccination: A
systematic review and meta-analysis Front Cardiovasc Med 2022 Aug 29;9:951314 doi:
10.3389/fcvm.2022.951314 PMID: 36105535; PMCID: PM(C9467278


https://doi.org/10.20944/preprints202310.1181.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023 doi:10.20944/preprints202310.1181.v1

18

8. Cines DB, Bussel JB. SARS-CoV-2 vaccine-induced immune thrombotic thrombocytopenia. N. Engl. J. Med.
2021;384:2254-2256. doi: 10.1056/NEJMe2106315.

9.  Huynh A, Kelton JG, Arnold DM, Daka M, Nazy I. Antibody epitopes in vaccine-induced immune
thrombotic thrombocytopaenia. Nature. 2021;596:565-569. doi: 10.1038/s41586-021-03744-4.

10. Larson, K. F.,, Ammirati, E., Adler, E. D., Cooper, L. T., Jr, Hong, K. N., Saponara, G., et al. (2021).
Myocarditis After BNT162b2 and mRNA-1273 Vaccination. Circulation, 144(6), 506-508.
https://doi.org/10.1161/CIRCULATIONAHA.121.055913

11. Tan, T. K, Rijal, P., Rahikainen, R., Keeble, A. H., Schimanski, L., Hussain, S., et al. (2021). A COVID-19
vaccine candidate using SpyCatchermultimerization of the SARS-CoV-2 spike protein receptor-binding
domain induces potent neutralising antibody responses. Nature communications, 12(1), 542.
https://doi.org/10.1038/s41467-020-20654-7

12. Moghimi SM. Allergic reactions and anaphylaxis to LNP-based COVID-19 vaccines. Mol. Ther.
2021;29:898-900. doi: 10.1016/j.ymthe.2021.01.030.

13. Lodato, F., Larocca, A., D' Errico, A. &Cennamo, V. An unusual case of acute cholestatic hepatitis after m-
RNABNT162b2 (Comirnaty) SARS-CoV-2 vaccine: coincidence, autoimmunity or drug-related liver injury.
J. Hepatol. 75, 1254-1256 (2021).);.

14. Lui, D, Lee, K. K, Lee, C. H,, Lee, A, Hung, I, Tan, K. (2021). Development of Graves' Disease After
SARS-CoV-2 mRNA Vaccination: A Case Report and Literature Review. Frontiers in public health, 9,
778964. https://doi.org/10.3389/fpubh.2021.778964

15.  Ozonoff A, Nanishi E, Levy O. Bell’s palsy and SARS-CoV-2 vaccines. Lancet Infect. Dis. 2021;21:450-452.
doi: 10.1016/51473-3099(21)00076-1.

16. Wan EYF, Chui CSL, Lai FTT, Chan EWY, Li X, Yan VKC et al. Bell’s palsy following vaccination with
mRNA (BNT162b2) and inactivated (CoronaVac) SARS-CoV-2 vaccines: a case series and nested case-
control study. Lancet Infect. Dis. 2022; 22:64-72. doi: 10.1016/S1473-3099(21)00451-5.

17.  Ackerman M, Henry D, Finon A, Binois R, Esteve E. Persistent maculopapular rash after the first dose of
Pfizer-BioNTech COVID-19 vaccine. ]J. Eur. Acad. Dermatol. Venereol. 2021;35:e423-e425. doi:
10.1111/jdv.17248

18.  Gambichler T, Scholl L, Dickel H, Ocker L, Stranzenbach R. Prompt onset of Rowell’s syndrome following
the first BNT162b2 SARS-CoV-2 vaccination. J. Eur. Acad. Dermatol. Venereol. 2021;35:e415-e416.

19. Nawwar AA, Searle ], Singh R, Lyburn ID. Oxford-AstraZeneca COVID-19 vaccination induced
lymphadenopathy on [18F]Choline PET/CT-not only an FDG finding. Eur. J. Nucl. Med. Mol. Imaging.
2021;48:2657-2658. doi: 10.1007/s00259-021-05279-2.

20. Negahdaripour, M., Shafiekhani, M., Moezzi, S., Amiri, S., Rasekh, S., Bagheri, A, et al. (2021).
Administration of COVID-19 vaccines in immunocompromised patients. International
immunopharmacology, 99, 108021. https://doi.org/10.1016/j.intimp.2021.108021

21. Ehrlich P. UeberImmunitatdurchVererbung und Saugung // Zeitschr. furHyg. undInfektKrankh. 1892.
Vol.12. P.183203

22. Besredka A. De la vaccination contre les e’tats typhoides par la voie buccale. Ann Inst Pasteur 1919; 33: 832
903.

23. Besredka A. Local immunization. Baltimore: Williams &Wilkins Company; 1927

24. Pierce AE. Specific antibodies at mucous surfaces. Vet RevAnnot 1959; 5: 17 36

25. Brandtzaeg P, Baekkevold ES, Morton HC. From B to A the mucosal way. Nat Immunol. 2001; 2:1093-94.

26. Fagarasan S, Honjo T. Intestinal IgA synthesis: regulation of front-line body defences. Nat Rev Immunol.
2003; 3:63-72.

27. Czerkinsky, C., & Holmgren, J. (2015). Vaccines against enteric infections for the developing world.
Philosophical transactions of the Royal Society of London. Series B, Biological sciences, 370(1671), 20150142.
https://doi.org/10.1098/rstb.2015.0142

28. Jefferson, T., Rivetti, A., Di Pietrantonj, C., &Demicheli, V. (2018). Vaccines for preventing influenza in
healthy  children. The Cochrane database of systematic reviews, 2(2), CD004879.
https://doi.org/10.1002/14651858.CD004879.pub5)

29. Holmgren J, (2021). Modern History of Cholera Vaccines and the Pivotal Role of icddr,b. The Journal of
infectious diseases, 224(12 Suppl 2), S742-5748. https://doi.org/10.1093/infdis/jiab423.

30. Wu HY, Russell MW.1997. Nasal lymphoid tissue, intranasal immunization, and compartmentalization of
the common mucosal immune system. Immunol. Res.16:187-201)

31. Czerkinsky C, Holmgren J.2010. Topical immunization strategies. Mucosal Immunol.3:545-55

32. Czerkinsky C, Holmgren ].2012. Mucosal delivery routes for optimal immunization: targeting immunity to
the right tissues. Curr. Top. Micro-biol. Immunol.354:1-18.

33. Czerkinsky, C., Anjuere, F., McGheeg, J. R., George-Chandy, A., Holmgren, J., Kieny, M. P, et al. (1999).
Mucosal immunity and tolerance: relevance to vaccine development. Immunological reviews, 170(1), 197-
222. https://doi.org/10.1111/j.1600-065x.1999.tb01339.x


https://doi.org/10.20944/preprints202310.1181.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023 doi:10.20944/preprints202310.1181.v1

19

34. Zhang, D.; Li, S;; Wang, N.; Tan, H.-Y.; Zhang, Z.; Feng, Y. The Cross-Talk Between Gut Microbiota and
Lungs in Common Lung Diseases. // Front. Microbiol. - 2020. - V. 11. - P. 301.

35. Ahlawat S, Asha Sharma KK. Immunological coordination between gut and lungs in SARS-CoV-2
infection. Virus Res. 2020;286:198103. doi: 10.1016/j.virusres.2020.198103.)

36. Gupalova, T., Leontieva, G., Kramskaya, T., Grabovskaya, K., Bormotova, E., Korjevski, D., et al. (2018).
Development of experimental GBS vaccine for mucosal immunization. PloS one, 13(5), e0196564.
https://doi.org/10.1371/journal.pone.0196564

37. Gupalova, T., Leontieva, G., Kramskaya, T., Grabovskaya, K., Kuleshevich, E., Suvorov, A. (2019).
Development of experimental pneumococcal vaccine for mucosal immunization. PloS one, 14(6), e0218679.
https://doi.org/10.1371/journal.pone.0218679

38. Mezhenskaya, D., Isakova-Sivak, I, Gupalova, T., Bormotova, E., Kuleshevich, E., Kramskaya, T., et al.
(2021). A Live Probiotic Vaccine Prototype Based on Conserved Influenza a Virus Antigens Protect Mice
against Lethal Influenza Virus Infection. Biomedicines, 9(11), 1515.
https://doi.org/10.3390/biomedicines9111515).

39. Taghinezhad-S, S., Mohseni, A. H., Bermtdez-Humaran, L. G., Casolaro, V., Cortes-Perez, N. G., Keyvani,
H., et al. (2021). Probiotic-Based Vaccines May Provide Effective Protection against COVID-19 Acute
Respiratory Disease. Vaccines, 9(5), 466. https://doi.org/10.3390/vaccines9050466

40. Suvorov, A. Gupalova, T., Desheva, Y. Kramskaya, T., Bormotova, E., Koroleva, I, et al. (2022).
Construction of the Enterococcal Strain Expressing Immunogenic Fragment of SARS-Cov-2 Virus. Frontiers
in pharmacology, 12, 807256. https://doi.org/10.3389/fphar.2021.807256

41. Baer A, Kehn-Hall K. Viral concentration determination through plaque assays: using traditional and novel
overlay systems. ] Vis Exp. 2014 Nov 4;(93):e52065. doi: 10.3791/52065. PMID: 25407402; PMCID:

PMC4255882.
42. Reed L.J. H. Muench. A simple method of estimating fifty per crnt endpoints. American Journal of
Epidemiology, Volume 27, Issue 3, May 1938, Pages 493-497,

https://doi.org/10.1093/oxfordjournals.aje.a118408

43. Joshi, G., Borah, P., Thakur, S., Sharma, P., Mayank, Poduri, R. (2021). Exploring the COVID-19 vaccine
candidates against SARS-CoV-2 and its variants: where do we stand and where do we go?. Human vaccines
&immunotherapeutics, 17(12), 4714-4740). https://doi.org/10.1080/21645515.2021.1995283

44. Sharif, N., Alzahrani, K. J.,, Ahmed, S. N., &Dey, S. K. (2021). Efficacy, Inmunogenicity and Safety of
COVID-19 Vaccines: A Systematic Review and Meta-Analysis. Frontiers in immunology, 12, 714170.
https://doi.org/10.3389/fimmu.2021.714170

45. Li, M., Wang, H,, Tian, L., Pang, Z., Yang, Q., Huang, T., et al. (2022). COVID-19 vaccine development:
milestones, lessons and prospects. Signal transduction and targeted therapy, 7(1), 146.
https://doi.org/10.1038/541392-022-00996-y

46. Pronker ES, Weenen TC, Commandeur H, Claassen EHJHM, Osterhaus ADME. Risk in vaccine research
and development quantified. PLoS One 2013; 8: e57755. 8 Struck MM. Vaccine R&D success rates and
development times. Nat Biotechnol 1996; 14: 591-93).

47. Davis MM, Butchart AT, Wheeler JRC, Coleman MS, Singer DC, Freed GL. Failure-to-success ratios,
transition probabilities and phase lengths for prophylactic vaccines versus other pharmaceuticals in the
development pipeline. Vaccine 2011; 29: 9414-16.

48. Hanney SR, Wooding S, Sussex J, Grant J. From COVID-19 research to vaccine application: why might it
take 17 months not 17 years and what are the wider lessons? Health Res Policy Sys 2020; 18: 61.

49. Heath P.T. Efficacy of the NVX-CoV2373 Covid-19 vaccine against the B. 1.1.7 variant. medRxiv. 2021 doi:
10.1101/2021.05.13.21256639

50. Voysey M. Single-dose administration and the influence of the timing of the booster dose on
immunogenicity and efficacy of ChAdOx1 nCoV-19 (AZD1222) vaccine: a pooled analysis of four
randomised trials. The Lancet. 2021;397(10277):881-891

51. Polack F.P. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N. Engl. ]J. Med.
2020;383(27):2603-2615.

52. Baden L.R. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. J. Med. 2021;384(5):403—
416.

53. Desheva Y, Leontieva G, Kramskaya T, Gupalova T, Losev I, Kuleshevich E, et al. Developing a Live
Probiotic Vaccine Based on the Enterococcus faecium L3 Strain Expressing Influenza Neuraminidase.
Microorganisms. 2021 Nov 27;9(12):2446. doi: 10.3390/microorganisms9122446. PMID: 34946050; PMCID:
PMC8707194.

54. Park Y.C.,, Ouh Y.T.,, Sung M.H., Park H.G., Kim T.J., Cho C.H,, et al. A phase 1/2a, dose-escalation, safety
and preliminary efficacy study of oral therapeutic vaccine in subjects with cervical intraepithelial neoplasia
3. J. Gynecol. Oncol. 2019;30:e88. doi: 10.3802/jg0.2019.30.e88.


https://doi.org/10.20944/preprints202310.1181.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2023 doi:10.20944/preprints202310.1181.v1

20

55. Taghinezhad S.S., Mohseni A.H., Keyvani H., Razavi M.R. Phase 1 Safety and Immunogenicity Trial of
Recombinant Lactococcuslactis Expressing Human Papillomavirus Type 16 E6 Oncoprotein Vaccine. Mol.
Ther. Methods Clin. Dev. 2019;15:40-51. doi: 10.1016/j.omtm.2019.08.005.

56. Mittal A, Khattri A, Verma V (2022) Structural and antigenic variations in the spike protein of emerging
SARS-CoV-2 variants. PLOS Pathogens 18(2): e1010260. https://doi.org/10.1371/journal.ppat.1010260
https://journals.plos.org/plospathogens/paper?id=10.1371/journal.ppat.1010260

57. Reincke SM, Yuan M, Kornau HC, Corman VM, van Hoof S, Sanchez-Sendin E, et al. SARS-CoV-2 Beta
variant infection elicits potent lineage-specific and cross-reactive antibodies. Science. 2022 Feb
18;375(6582):782-787. doi: 10.1126/science.abm5835. Epub 2022 Jan 25. PMID: 35076281, PMCID:
PMC8939768).

58. YuS, Zhang P, Liao M, Zhang ], Luo S, Zhai ], et al. Detection of SARS-CoV-2 Specific Antibodies in Saliva
Samples. Front Immunol. 2022 Jul 8;13:880154. doi: 10.3389/fimmu.2022.880154. PMID: 35898491, PMCID:
PMC9309249

59. Pisanic N, Randad PR, Kruczynski K, Manabe YC, Thomas DL, Pekosz A, et al. COVID-19 Serology at
Population Scale: SARS-CoV-2-Specific Antibody Responses in Saliva. ] ClinMicrobiol. 2020 Dec
17;59(1):e02204-20. doi: 10.1128/JCM.02204-20. PMID: 33067270; PMCID: PMC7771435

60. Bodera P, Chcialowski A. Immunomodulatory effect of probiotic bacteria. Recent Pat Inflamm Allergy
Drug Discov. 2009;3:58-64. doi: 10.2174/187221309787158461

61. Mansour NM, Heine H, Abdou SM, Shenana ME, Zakaria MK, El-Diwany A. Isolation of Enterococcus
faecium NM113, Enterococcus faecium NM213 and Lactobacillus casei NM512 as novel probiotics with
immunomodulatory properties. Microbiollmmunol. 2014 Oct;58(10):559-69. doi: 10.1111/1348-0421.12187.
PMID: 25130071.

62. Garcia-Castillo V, Komatsu R, Clua P, Indo Y, Takagi M, Salva S, et al. Evaluation of the
Immunomodulatory Activities of the Probiotic Strain Lactobacillus fermentum UCO-979C. Front Immunol.
2019 Jun 13;10:1376. doi: 10.3389/fimmu.2019.01376. PMID: 31263467; PMCID: PMC6585165

63. Haghighi HR, Gong ], Gyles CL, Hayes MA, Zhou H, Sanei B, et al. Probiotics stimulate production of
natural antibodies in chickens. Clin Vaccine Immunol. 2006 Sep;13(9):975-80. doi: 10.1128/CVI1.00161-06.
PMID: 16960107; PMCID: PMC1563569.

64. Maddur MS, Lacroix-Desmazes S, Dimitrov JD, Kazatchkine MD, Bayry ], Kaveri SV. Natural Antibodies:
from First-Line Defense Against Pathogens to Perpetual Immune Homeostasis. Clin Rev Allergy Immunol.
2020 Apr;58(2):213-228. doi: 10.1007/s12016-019-08746-9. PMID: 31161341

65. Lavelle EC, Ward RW. Mucosal vaccines - fortifying the frontiers. Nat Rev Immunol. 2022 Apr;22(4):236-
250. doi: 10.1038/s41577-021-00583-2. Epub 2021 Jul 26. Erratum in: Nat Rev Immunol. 2021 Aug 3;: PMID:
34312520; PMCID: PMC8312369.

66. Huang, N., Pérez, P., Kato, T., Mikami, Y., Okuda, K., Gilmore, R. C,, et al. (2021). SARS-CoV-2 infection of
the oral cavity and saliva. Nature medicine, 27(5), 892-903. https://doi.org/10.1038/s41591-021-01296-8

67. Suarez-Farinas, M., Tokuyama, M., Wei, G., Huang, R, Livanos, A., Jha, D., et al (2021). Intestinal
Inflammation Modulates the Expression of ACE2 and TMPRSS2 and Potentially Overlaps With the
Pathogenesis of SARS-CoV-2-related Disease. Gastroenterology, 160(1), 287-301.e20.
https://doi.org/10.1053/j.gastro.2020.09.029

68. LiuY.Y, Yang W.T,, ShiS.H., LiY.].,, Zhao L., Shi C.W., et al. Inmunogenicity of recombinant Lactobacillus
plantarum NC8 expressing goose parvovirus VP2 gene in BALB/c mice. J. Vet. Sci. 2017;18:159-167. doi:
10.4142/jvs.2017.18.2.159

69. Mohseni A.H., Razavilar V., Keyvani H., Razavi M.R., Khavari-Nejad R.A. Oral immunization with
recombinant Lactococcuslactis NZ9000 expressing human papillomavirus type 16 E7 antigen and
evaluation of its immune effects in female C57BL/6 mice. J. Med. Virol. 2019;91:296-307. doi:
10.1002/jmv.25303.

70. Tavares, L. P., Galvao, I, & Ferrero, M. R. (2022). Novel Immunomodulatory Therapies for Respiratory
Pathologies. Comprehensive Pharmacology, 554-594. https://doi.org/10.1016/B978-0-12-820472-6.00073-6

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202310.1181.v1

