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Introduction

Abstract
Introduction: The SARS-CoV-2 pandemic
necessitates effective p—
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solutions. The receptor-binding motif
(RBM) is a subdomain of the spike
protein's receptor-binding domain (RBD)

and is critical for facilitating the binding |
of SARS-CoV-2 to the human ACE2
receptor. This study investigates the use
of the receptor-binding motif (RBM)
domain as an immunogen to produce
potent neutralizing antibodies against
SARS-CoV-2.

Methods: The RBM gene was codon-optimized and cloned into the pET17b vector for expression
in E. coli BL21 (DE3) cells, induced with 1 mM IPTG. The recombinant RBM protein was purified
using Ni-NTA affinity chromatography. After validating the recombinant RBM by Western
blotting with anti-His tag antibodies, BALB/c mice were immunized with 20 pg of the purified
RBM protein. Anti-RBM IgG was subsequently purified using protein G resin, and its neutralizing
capacity was assessed using the Pishtaz Teb Zaman Neutralization Assay Kit.

Results: The recombinant RBM protein, with a molecular weight of 10 kDa, was expressed
as inclusion bodies. the typical yield of purification was 27 mg/L of bacterial culture. The
neutralization test demonstrated a concentration of 36 ug/mL of neutralizing antibodies in the
immunized serum, preventing the spike protein from binding to ACE2.

Conclusion: Our study demonstrated that anti-RBM antibodies exhibited neutralization effects
on SARS-CoV-2. These findings provide evidence for the development of a vaccine candidate
through the induction of antibodies against the RBM, necessitating further studies with adjuvants
suitable for human use to evaluate its potential for human vaccination.
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72 amino acids and is intimately connected to the ACE2

The COVID-19 pandemic, a worldwide health crisis,
originated from the novel coronavirus SARS-CoV-2. This
virusattachesto human cells by binding to the angiotensin-
converting enzyme 2 (ACE2) receptor through its spike
(S) glycoprotein, a mechanism first observed during
the outbreak in China.! The S protein of SARS-CoV-2
consists of two parts: S1, which is responsible for receptor
binding, and S2, which enables the virus to merge with the
host cell membrane.?

Thereceptor-binding motif (RBM), a crucial subdomain
within the receptor-binding domain (RBD) of the spike
protein, is essential for the attachment of SARS-CoV-2 to
the human ACE2 receptor. The RBM contains a total of

receptor, specifically between amino acids 437 and 508.°
Within the RBM, six key amino acid residues - L455,
F486, Q493, S494, N501, and Y505 - are responsible for
enabling the virus to bind to ACE2.* RBM is an important
target for therapeutic interventions against SARS-CoV-2
because mAbs targeting this site compete with ACE2
binding.®

The global emergence of COVID-19 urgently
necessitated effective therapeutic strategies against
SARS-CoV-2. Initially, the drug repurposing approach,
encompassing corticosteroids and antivirals, emerged as
a cost-effective and timely strategy for novel pathogens.
For instance, Remdesivir, initially developed for Ebola,
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received FDA authorization in October 2020.° Another
example is Dexamethasone, which has been shown to
reduce 28-day mortality in hospitalized COVID-19
patients who are receiving mechanical ventilation
or oxygen support” WHO strongly recommends
nirmatrelvir/ritonavir, known as Paxlovid,' for high-risk
individuals, especially those who are immunosuppressed.®
Paxlovid, an oral antiviral pill, demonstrated an 89%
reduction in the risk of hospitalization and death among
unvaccinated individuals in clinical trials.” Between
December 31, 2020, and April 30, 2021, WHO issued
emergency use authorizations for COVID-19 vaccines
developed by Pfizer, AstraZeneca/Oxford, Johnson
& Johnson, and Moderna. These vaccines have been
created using different technological platforms by various
companies viz., mRNA-based nucleic acid vaccine (Pfizer
and Moderna), adenoviral vector-based vaccines (Oxford-
AstraZeneca- Serum Institute and Johnson and Johnson),
inactivated vaccine (Bharat Biotech), and recombinant
subunit protein vaccine (Novavax).

Recombinant vaccines offer distinct advantages in the
landscape of COVID-19 prevention, particularly in terms
of safety profiles and efficacy. Compared to inactivated
vaccines and adenovirus-based vectors, recombinant
vaccines demonstrate heightened safety profiles with
minimal side effects. Park et al demonstrated that priming
with an mRNA vaccine provides better protection against
influenza virus compared to a protein vaccine. However,
in their study, protein vaccines have shown to be more
effective as boosters.' Consequently, it is hypothesized
that in scenarios requiring ongoing vaccination due
to emerging coronavirus variants, protein vaccines
might provide a safety benefit over mRNA vaccines.
Furthermore, certain recombinant vaccines display
temperature stability, which is crucial for broadening
access to COVID-19 vaccines, especially in low- and
middle-income nations. Notably, several recombinant
vaccines have demonstrated good prevention efficacy,
as seen with Novavax, which showed approximately 31
percent effectiveness in preventing infection.

Most recombinant COVID-19 vaccines leverage either
the full-length S protein or the RBD as an immunogen
to prompt the elicitation of binding and neutralizing
antibodies (NAbs). RBD-based vaccines have consistently
demonstrated high efficacy, with over 90% of SARS-
CoV-2 NAbs in convalescent sera or vaccine recipients
targeting the RBD.">"* Positive clinical effectiveness has
been observed in trials of certain RBD-based vaccines
against COVID-19."'® Moreover, recent studies have
indicated that RBD possesses five glycosylation sites, with
two glycosylation sites (T323 and $325) potentially playing
pivotal roles in mediating spike and ACE2 receptor
interactions.’** The absence of glycosylation in RBM
may enhance its structural integrity and activity when
expressed in bacterial systems such as E. coli, compared

to expressing the RBD which contains glycosylation sites.

Nazarian et al have previously expressed recombinant
proteins of the RBD and Nucleocapsid (N) in a prokaryotic
host, and their immune response has been evaluated.?"
Based on previous studies of RBM-ACE-2 interactions, we
have designed our study on an rRBM protein immunogen
capable of neutralizing SARS-CoV-2, thereby preventing
its attachment to ACE-2 on host cells.

Materials and Methods

Sequence analysis and vector design

We obtained the sequence for the RBM protein of the
SARS-CoV-2 strain WuhanHu-1 (NCBI Reference
Sequence: YP_009724390.1), which codes for residues
N437 to Y508 of spike. To optimize this nucleotide
sequence for expression in E. coli, we employed the
Genscript Optimization Gene™ algorithm server. The
Genscript” Codon Optimization algorithm utilizes a
comprehensive approach, assessing and adjusting for over
200 factors that influence gene expression. These factors
include GC content, codon usage, codon content index,
RNase splicing sites, and cis-acting mRNA destabilizing
motifs. Following optimization, the optimized sequence
underwent analysis using the GenRCA Rare Codon
Analysis Tool (https://www.genscript.com/tools/rare-
codon-analysis). The optimized RBM gene was then
inserted into the expression vector pET17b with a
6xHis-tag and a stop codon at the 3' end for purification
purposes. Restriction enzyme sites (Ndel and BamHI)
were presented at the ends of the sequence following the
restriction site identification using the NEBcutter online
tool.” Before conducting laboratory techniques, we used
online tools to analyze the physicochemical characteristics
of the designed recombinant protein and predict its 3D
structure. The physicochemical characteristics of the
designed recombinant protein were analyzed using the
ProtParam server.* The 3D structure of the protein was
predicted using the I-TASSER ab initio online software
and visualized using Accelrys Discovery Studio 2.5.
The resulting structure was validated using ProSA-web
¢ and the quality of the resulting stereochemistry of the
structure was analyzed using the Ramachandran plot in
PROCHECK software.” Finally, Shinegene (China)was
tasked with synthesizing the recombinant pET17b-RBM.

Transformation of the recombinant vector

The pET17b-RBM recombinant plasmid was employed
for transforming competent E. coli strain BL21 (DE3)
cells, prepared using the calcium chloride method.
Transformation of the recombinant plasmid into E. coli
was facilitated through the heat shock metho.?® Initially,
transformed cells were cultivated on LB agar plates
supplemented with 100 pg/mL ampicillin at 37°C. These
plates were then incubated for 12 to 16 hours at 37 °C.
The success of the transformation was confirmed through
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double digestion of the plasmid with Ndel and BamHI
enzymes.”

Expression and purification of the recombinant RBM

A single colony was selected and cultured overnight in LB
broth containing 100 pg/mL ampicillin at 37 °C. After the
overnight culture, 1 mL of this culture was inoculated into
50 mL of fresh LB broth with 50 pg/mL ampicillin. Upon
reaching an optical density of 0.7-1.0 at 600 nm (OD600
nm), IPTG was introduced at a concentration of 0.5 mM
to enhance the expression of the RBM protein. Induction
was carried out for 5 hours at 37 °C. After induction, E. coli
cells were harvested by centrifugation at 5000 rpm at 4 °C
for 6 minutes, and the resulting pellets were resuspended
in extraction buffer. The cells were then disrupted using
ultrasonic treatment with an ultrasonic processor set
to an intensity of 20 kHz, performing 10-second pulses
with 30-second intervals for a total of three cycles and
subsequently centrifuged at 10000 rpm at 4 °C for 20
minutes. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was used to distinguish the
induced and uninduced samples.”

To evaluate the solubility of the recombinant protein,
bacterial pellets were subjected to various extraction
buffers. One set of cells was resuspended in PBS buffer,
while another set was resuspended in an inclusion body
(IB) solubilization solution (8 M urea, 20 mM Tris-HCI,
and 100 mM NaCl, pH=8). Subsequently, both mixtures
underwentultrasonictreatmentto disruptthecellsand were
then incubated for 1 hour at 37 °C in a shaker incubator.
Following centrifugation for 20 minutes at 13000 rpm,
the resulting supernatants were collected and subjected
to analysis using SDS-PAGE with a discontinuous buffer
system, following the Laemmli method.*

Affinity chromatography using a Ni-NTA column
served as the method for protein purification.” Prior to
purification, bacterial lysis containing RBM inclusion
bodies underwent refolding by dialyzing with a urea
gradient (6, 4, 2, 1, 0.5, and 0 M) in 20 mM Tris-HCI
buffer with 500 mM NaCl at pH 8.0. The refolded solution
was then applied to the Ni-NTA column for purification.
Following the removal of nonspecific bindings through
washing with a buffer (50 mM sodium phosphate buffer,
pH 8.0, 500 mM sodium chloride, 0.5% Triton X-100,
10% glycerol, 20 mM imidazole), The recombinant
RBM protein was eluted using an elution buffer (20 mM
sodium phosphate, 0.5 M NaCl, 500 mM imidazole, pH
7.4).» subsequent purification steps and the purity of the
recombinant RBM were assessed using SDS-PAGE.

Antigen characterization by ELISA and western blotting
To prepare the protein samples, they were boiled in 5X
reducing dye buffer (500 mM DTT, 250 mM Tris-HC, 10%
(w/v) SDS, 50% (v/v) glycerol, 0.1% bromophenol blue,
pH 6.8) for 10 minutes. Subsequently, the proteins were

separated on a 12% denaturing polyacrylamide gel and
stained with Coomassie blue. For Western blot analysis,
the proteins were transferred from a polyacrylamide
gel (unstained) to a polyvinylidene difluoride (PVDF)
membrane using a Biorad electrophoretic transfer device
at 500 mA for 90 minutes. Next, the membrane was
blocked overnight in blocking buffer (consisting of 5%
(w/v) fat-free dried milk dissolved in PBS+0.05% (v/v)
Tween 20). Following the washing step, the membrane
was incubated with mouse anti His-tag antibodies
(from Sigma-Aldrich, USA; catalog No.SAB2702219)
at a 1:10000 dilution, targeting the RBM 6xHis tag,
at 37 °C for 45 minutes. Subsequently, the substrate
(3,3'-diaminobenzidine (DAB) in Tris 50mM, pH=7.8)
was applied to the membrane after washing to expose
the band(s), and the process was halted by removing the
substrate and adding water to the paper.**

For the enzyme-linked immunosorbent assay (ELISA),
Maxisorb plates (Nunc) were coated with 5 pg of
recombinant protein and blocked with 5% skim milk
in PBST (PBS plus 0.05% Tween 20). The plates were
washed and incubated with serially diluted SARS-CoV-2
convalescent human sera (from previous study?) at 37 °C
for 30 minutes. After washing with PBST four times, 100
ul of 1 in 2000 dilution of Horseradish Peroxidase (HRP)-
conjugated anti-Human IgG were added to each well
plate. The plate was then incubated at 37 °C for 30 minutes
and washed four times with PBST. Then, 100 pL of the
substrate solution containing 3 mg O-Phenylene Diamine
(OPD) were added to each well plate, and the reaction was
stopped with 2.5 M H,SO,. Finally, the absorbance was
measured at 495 nm on a microplate reader.*

Immunization of mice
The animals were maintained in clean standard conditions
in the Animal Care Facility of Imam Hossein University.
All the animal tests were performed in accordance with
Care and Use of Laboratory Animals guidelines.”® Ten
BALB/cmicewererandomlyassigned to each experimental
group. Subcutaneous (s.c.) injections were administered
as the initial dose and booster immunizations on days 21
and 35. The control groups received 100 pL of antigen
diluent alone (PBS) via s.c injection. Meanwhile, one test
group received 20 ug of protein in 100 uL PBS for each
administration without adjuvant (rRBM free), while
another group received antigen with an equal volume
(100 uL) of complete Freund's adjuvant for the first
administration and incomplete Freund's adjuvant for the
booster dose (rRBM + Adj).”” Blood samples were collected
from the venous sinus (Retro-orbital) of all mouse groups
using a capillary tube/pipette on days 14, 28, and 42. After
clot formation, the samples were centrifuged at 3500 g
for 10 minutes. The resulting supernatant sera from each
group of mice were stored at -20 °C.

At day 42, a total of 100 mg of feces from the test and
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control groups was collected and resuspended in 1 mL of
ice-cold PBS (supplemented with 0.1% sodium azide and
1 mM PMSEF). Following homogenization, the samples
were centrifuged for 15 minutes at 7000 rpm and 4 °C.
Supernatants were transferred to a fresh tube and stored
at 4 °C for quick ELISA analysis.*®

Serum IgG and feces IgA measurement

Indirect ELISA was employed to detect IgG or IgA
antibodies against recombinant RBM protein in serum
or fecal samples. Briefly, 96-well polystyrene plates were
coated with 5 ug/mL of RBM protein in coating buffer (15
mM Na,CO,, 35 mM NaHCO,, pH 9.6) and incubated
overnight at 4 °C. Following a washing step, the plates
were blocked with 5% fat-free dry milk in PBS for 1
hour at 37 °C. Dilutions of sera (1:100-1:25600) or fecal
extracts (1:1-1:4) in PBS were then added and incubated
overnight at 4 °C. Subsequently, goat horseradish
peroxidase-conjugated anti-mouse IgG or IgA (diluted
1:10000 in PBS) were used as secondary antibodies. After
adding a substrate solution (6 mg OPD+0.1 M citric
acid+ 1 mM H202, pH 4.35), optical density (OD) values
at 495 nm were measured using a microplate reader (Bio
Tek, USA). All experiments were performed in triplicate,
and the results were expressed as mean and standard
deviation.

Neutralizing antibody detection

The measure of anti-RBM neutralizing antibody was
conducted according to the manufacturer's instructions
(Pishtaz Teb Zaman Diagnostics, Tehran, Iran). The
SARS-CoV-2 Neutralizing Antibody ELISA Kit uses a
competitive method based on quantitative inhibition
of RBD and ACE2, capable of identifying all classes of
neutralizing antibodies against SARS-CoV-2 within
45 minutes. Initially, a human neutralizing antibody is
used as a standard, followed by the addition of the test
serum according to the kit's instructions. The neutralizing
antibody concentration values, reported in micrograms
per milliliter (ug/mL), are derived from the standard
curve. The cut-off value for the kit, established based on
the mean and three standard deviations of anti-SARS-
CoV-2 neutralizing antibody concentration in normal
serum specimens, is 2.5 pg/mL, as specified by the
manufacturer.

Statistical analysis

Statistical analyses were conducted using Statistica
version 13.0. Comparisons among multiple groups were
made using a two-way ANOVA with Duncan comparison
post hoc test. P values less than 0.01 were considered
statistically significant.

Results
In silico analysis of recombinant RBM
A synthetic sequence encoding the RBM of the Spike gene

was engineered, tailored to the codon usage preferences
of E. coli. Negative cis-acting elements and repetitive
sequences were avoided to enhance the synthetic gene's
efficiency. The analysis of codon bias and GC content
was conducted for both non-optimized and optimized
sequences. Post-optimization, the GC content was
increased from 35.29% to 53.11%, thereby enhancing
mRNA stability. The optimized mRNA's 2D structure
exhibited a AG of -61.9 kcal/mol, indicating a stable
configuration without the formation of stable hairpins or
pseudoknots at the 5' end (Fig. 1). Finally, the restriction
sites of Ndel (CATATG) and BamHI (GGATCC) were
appended to the 5' and 3' ends of the recombinant RBM
sequence, respectively (Fig. 2) and sent to ShineGene bio-
company (China) for production.

Table 1 shows physicochemical characteristics for the
recombinant RBM. The 3D structure of the rRBM was
created using I-TASSER software (Fig. 3). The confidence
score (C-score) from I-TASSER, which assesses the
quality of predicted structure, was 0.14, indicating
moderate confidence. It is important to note that a higher
C-score, which ranges from -5 to 2, typically signifies a
model with greater reliability. The model's estimated
TM-score was 0.73+0.11, suggesting a likelihood of
high structural similarity to known protein structures,
while the expected root mean square deviation (RMSD)
was 3.2+2.3A, indicating the average distance between
the atoms of the model and the actual structure they
represent. The Ramachandran plot generated by the
RAMPAGE server showed that approximately 71.4% of
residues are in favored regions, while 28.5% are in allowed
regions. Additionally, the ProSA tool was used to assess
the model by comparing it to known X-ray structures,
yielding a Z-score of -1.02 (Fig. 3).

Production of recombinant RBM as inclusion bodies
The rRBM was found as inclusion bodies in the bacterial
lysate after induction (Fig. 4A) with a molecular weight
of approximately 10 kD. various temperatures (18, 20, 25,
and 30°C) and media with different IPTG concentrations
to avoid inclusion body formation was tested but observed
no expression at temperatures lower than 37 °C. This
measurement aligns with the predicted size of the RBM
from the in silico analysis. After affinity purification (IMAC)
using Ni-NTA column, the recombinant RBM was analyzed
via SDS-PAGE (Fig. 4B), and the typical yield of one-step
purification was 27 mg/L of bacterial culture. The purity of
the purified recombinant RBM band (Lane 6 of Fig. 4B) was
calculated to be 97% using GelAnalyzer 23.1 software.

Validation of rRBM antigen

To validate the recombinant RBM protein produced
from E. coli, an anti-His antibody Western blot was
conducted. This method confirms the presence and
integrity of the His-tagged RBM protein. The results
confirmed the identification and antigenic activity of
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Fig. 1. Linear RNA folding and energy dot plot predicted by Mfold. The energy dot plot uses different colors to represent varying levels of suboptimality. The
optimal base pairs, shown in red, indicate the most stable configurations with the lowest free energy. Blue represents base pairs that are less likely to form,
indicating higher energy states. The red color highlights the base pairs in the optimal folding configuration.

AACAGCAACAACCTGGACAGCAAAGTGGGTGGCAACTACAACTATCTGTACCGTCTGTTCCGTAAGAGCAACCTG
AAACCGTTTGAGCGTGATATCAGCACCGAAATTTATCAGGCGGGTAGCACCCCGTGCAACGGTGTGGAGGGC
TTCAACTGCTATTTICCGCTGCAGAGCTACGGCTTCCAACCGACCAACGGTGTTGGCTATCAACCGT
ACCACCACCACCACCAC

CATATG TAAGGATCC

Fig. 2. Schematic illustration of optimized nucleotide sequence of RBM for cloning in expression vector

the rRBM sequence, as the immunoreactive protein recombinant RBM, we employed an ELISA. Sera obtained
displayed the expected molecular weight of RBM (Fig. 5). on day 14 after the initial vaccine dose, from both the
Furthermore, ELISA analysis demonstrated the capability adjuvantedand unadjuvanted groups, exhibited robustIgG
of accurately detecting the recombinant protein in sera responses against recombinant RBM. Pre-immunization
from convalescent COVID-19 patients, which contained sera and control animals treated with phosphate-buffered
anti-SARS-CoV-2 antibodies (Fig. 6). saline (PBS) displayed minimal antibody responses,

indicating background levels. Notably, the administration
Humoral response to RBM and post-vaccination of recombinant RBM alone successfully induced specific
antibody response antibody production. However, the inclusion of Freund's
To investigate the humoral immune responses elicited by adjuvant significantly enhanced antibody induction,
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Table 1. The physicochemical characteristics predicted by ProtParam tool for the recombinant RBM protein

Protein sequence

MGSSHHHHHHSSGLVPRGSHMNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYHHHHH

Number of aa 98 Molecular weight (Da) 10184.25 Total number of atoms 1504
Formula CroaH1N1500,..S, negatively charged residues 5 positively charged residues 7
Instability index 24.02 (stable) Aliphatic index 44.69 Theoretical pl 8.63
pET28a initial fusion tag, Terminal His-Tag
Overall model quality Z-Score: -1.02
B Ramachandran Plot
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Fig. 3. (a) 3D representation of the recombinant RBM protein predicted using I-TASSER software, (b) Evaluation of model stability through a Ramachandran

plot, and (c) ProSA analysis.
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Fig. 4. A) 12%SDS-PAGE Analysis of rRBM Expression, Soluble fractions
of rRBM post-induction (lane 1 and 2), protein marker (lane 3), insoluble
fractions containing inclusion bodies (lane 4) and non-induced (lane5)
fractions. B) Purification analysis of induced bacterial lysis. solution after
soup loaded (Lane 1), protein marker (lane2), washing the non-specific
bonds by washing buffer (lanes 3 and 4), elution fraction by imidazole
buffer (lanes 5 and 6).

resulting in higher levels of specific antibodies by day 14
and further elevated levels by day 28 (Fig. 7A and B). Sera
collected on day 48, seven days after the third vaccination,
demonstrated a significant antibody response in mice.
The IgG serum titers were 1:12800 and 1:3200 for the
rRBM + Adj and rRBM groups, respectively (Fig. 7C).

Furthermore, fecal samples were assessed for IgA
responses, revealing substantial levels of anti-rRBM IgA.
In contrast, the PBS group exhibited a minimal signal
(Fig. 7D). These findings indicate that the administered
vaccines successfully elicited appropriate humoral
immune responses at both the systemic and mucosal
levels.

e 3 kDa
~245
: ~180
- ~135
~100
- ~15
~63
~48
- 35
- ~25
~20

.
17
__El|

o
Tris-Glycine
4~20%

Fig. 5. Western blot analysis for rRBM using anti-His antibody, lane1 BSA
as a negative control, lane2 rRBM pure protein, lane3 protein ladder.

Neutralizing antibody levels in response to rRBM
vaccination

The neutralizing capacity of the antibodies induced by
the RBM vaccination was evaluated Pishtaz Teb Zaman
Neutralization Assay Kit. As shown in Table 2, the
average levels of NAbs in the sera of vaccinated and non-
vaccinated animals were measured after each dose time
points. Mice that received three doses of recombinant
rRBM vaccination with adjuvant exhibited a neutralizing
antibody level of 31.6 pg/mL, while mice that were
vaccinated with recombinant protein alone or treated
with the control showed levels of 18.2 pg/mL and 2.2 pg/
mL, respectively. These results demonstrated that the
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Fig. 7. Immuno response induced by rRBM protein in mice. The IgG level in sera collected on days 14, 28, and 42 were evaluated using ELISA at the
specified dilutions (A,B,C). IgA levels measured in feces (D). The P values indicate the comparisons between the RBM +Adj group and the PBS or RBM
groups. Significance levels were denoted as **P <0.01. In the case of IgG, a significant distinction was observed between the RBM +Adj group and the RBM
alone group at dilutions up to 1:3200, 1:6400, and 1:12800 for days 14, 28, and 42, respectively. The P values for these comparisons were all less than 0.01.
For IgA, a significant disparity was found between the RBM +Adj group and the RBM alone group at dilutions of 1:1 and 1:2, with P values of less than 0.01.

recombinant RBM vaccination, particularly when used
in combination with the adjuvant, elicited neutralizing
antibody response in mice.

Discussion

The global pandemic caused by the SARS-CoV-2 virus,
which is responsible for COVID-19 respiratory infection,
has necessitated effective immunological interventions

to control the spread of the disease and induce robust
transmission-blocking immunity through vaccination.
Initially, a range of vaccines, including inactivated viral
vaccines, mRNA vaccines, and vector-based vaccines,
were reported in the early stages of the outbreak.®
However, inactivated virus vaccines have limitations in
terms of immunogenicity and the strength and duration
of immune responses they induce.”” To address these
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Table 2. Investigation of Nabs obtained from the sera of mice vaccinated
with rRBM vaccine

Time frame for Antibody Antibody (pg/

mice bleeding (ng/mL) in mL) in normal

(day) Immunized mice  animal control
1 bleeding (14) 10.1+0.025 2.4+0.004
rRBM +AdJ 2™ bleeding (28) 23.8+0.048 1.6 +0.022
3" bleeding (42) 31.6+0.028 2.5+0.005
1 bleeding (14) 4.5+0.024 2.4+0.006
rRBM +PBS 2™ bleeding (28) 9.7 +0.045 2.3+0.009
3" bleeding (42) 18.2+0.036 1.8+0.018
1 bleeding (14) 2.4+0.018 2.4+0.007
PBS 2" bleeding (28) 2.1+0.035 2.2+0.012
3 bleeding (42) 2.2+0.026 2.5+0.004

The results are presented as the mean of triplicate tests + SEM. The
cutoff value of the kit instrument is indicated as 2.5 pg/mL.

concerns, most current vaccine investigations are focused
on highly purified recombinant proteins or subunits
of pathogens. Recombinant protein vaccines have the
potential to overcome the drawbacks of inactivated virus
vaccines and eliminate post-vaccination reactions.*’ One
drawback of protein vaccines is that the development
of new formulations to protect against emerging
variants of the coronavirus takes longer compared to
mRNA vaccines, which can be more easily adapted.
However, research indicates that mRNA vaccines may
carry a heightened risk of adverse reactions, including
myocarditis or hypersensitivity responses, especially with
repeated administrations, in contrast to conventional
protein vaccines.*>** Repeated inoculations with mRNA
vaccines have been associated with an increased incidence
of adverse effects like myocarditis or hypersensitivity
reactions, compared to traditional protein vaccines.*
Therefore, given the ongoing need for recurrent
vaccination to address emerging coronavirus variants,
protein-based vaccines may offer a safety advantage over
mRNA counterparts. Moreover, several investigations
have underscored the effectiveness of a heterologous
prime-boost vaccination approach, which involves
combining different vaccine types, over a homologous
prime-boost strategy. Consequently, protein vaccines
could serve as a viable option for booster doses subsequent
to mRNA vaccination.*>* The objective of this study was
to develop a recombinant vaccine candidate targeting
SARS-CoV-2, considering the aforementioned factors
and the need for an effective and adaptable immunization
approach.

The RBM is a specific region on the S protein of SARS-
CoV-2, plays a crucial role in binding to the ACE2
receptor. Antibodies targeting the RBM can disrupt
this interaction, effectively inhibiting viral entry into
host cells.*” Consequently, the development of a vaccine
capable of eliciting Nabs against RBM represents a

promising approach in combating the pandemic.*® Recent
studies have shown that neutralizing activity is primarily
directed against the RBD in COVID-19 patients' sera
and human monoclonal antibodies, further supporting
the use of RBM as the immunogenic target in our
vaccine strategy.**® Previous studies have demonstrated
that recombinant proteins derived from the RBD and
Nucleocapsid of SARS-CoV-2 can induce Nabs.?! Building
upon these findings, the RBM of the spike protein was
selected and designed to develop a recombinant protein
in this research.

To enhance RBM protein expression, the gene's codons
were adapted to match E. coli’s codon bias. The resulting
chimeric gene achieved a codon adaptation index of
0.96, significantly higher than the wild-type gene's score
of 0.46 (Fig. 1). These synthetic genes facilitated robust
expression in E. coli, yielding 27 mg of purified protein
per liter of bacterial culture. This output matched or
exceeded those reported in comparable studies,”*
indicating that the high-level expression of these proteins
was largely due to our designed synthetic genes and the
PET expression system we used. During the expression
process, we observed the RBM protein accumulating as
inclusion bodies in the bacteria lysis precipitates. The
purified RBM protein exhibited an apparent molecular
mass of around 10 kDa, which was consistent with the
calculated molecular mass based on the RBM amino
acid sequence (approximately 10184 Da as indicated in
Table 1). To achieve proper folding and functionality,
the RBM antigen, initially in inclusion bodies, underwent
purification and refolding steps. Solubilization in urea
facilitated purification using Immobilized Metal Affinity
Chromatography (IMAC) with Ni**ions. Gradual dialysis
in urea buffers of decreasing concentration promoted
protein refolding. Western blotting with anti-His tag
antibodies confirmed the integrity of the recombinant
RBM protein.

After three subcutaneous immunizations of mice
with purified rRBM antigen (20 pg) along with Freund's
adjuvant, significant serum anti-RBM IgG responses
were observed (P<0.01). Additionally, modest anti- RBM
IgA responses were detected, indicating the potential
of the rRBM antigen to induce neutralizing antibodies
against SARS-CoV-2. It is noteworthy that subcutaneous
administration of rRBM resulted in both systemic
IgG responses and modest IgA responses in mucosal
compartments.” Immunization with adjuvants was found
to elicit more effective antibody responses compared to
immunization with the antigen alone.* Importantly, the
vaccine candidate induced serum IgA responses, which
can neutralize the viruslocally on mucosal surfaces without
enhancing inflammation via Fc receptors.® However,
subcutaneous immunization resulted in lower mucosal
IgA responses, and it remains to be determined whether
rRBM immunization can induce mucosal IgA responses
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in humans. To enhance mucosal immune responses, it is
essential to co-administer the target antigen with specific
mucosal adjuvants. These adjuvants can help in effectively
presenting the antigen to the immune cells present in
mucosal tissues, thus stimulating a stronger local immune
response. For instance, using saponin-based adjuvants for
intranasal spray may increase the mucosal response.”® The
inclusion of such mucosal adjuvants in the vaccination
strategy could significantly improve the induction of IgA
responses at mucosal surfaces, which are the primary
entry points for many pathogens including SARS-CoV-2.

In our study, we found that the average concentration
of neutralizing antibodies in the sera of immunized mice
was 31.6 pug/mL. This result compares favorably to a study
by Rezaie et al, who used RBD as a recombinant vaccine
in mice and achieved a final concentration of 19.48 pg/mL
neutralizing antibodies after the third administration®
Additionally, using the Pishtaz Teb Zaman neutralization
kit, 102 patients with COVID-19 were found to have an
average of 56.7 ug/mL neutralizing antibodies. Based
on these findings, it appears that the concentration of
neutralizing antibodies produced after administration
with rRBM was appropriate. Considering the dynamic
nature of the SARS-CoV-2 virus and the ongoing
emergence of new variants, we emphasize the importance
ofadvocating for additional studies. Further investigations
are necessary to evaluate the efficacy of the RBM vaccine
in neutralizing diverse SARS-CoV-2 variants.

Our study is among the early efforts report the
expression of the RBM of the spike glycoprotein without
fusion in a prokaryotic host, offering advantages in
terms of cost-effectiveness and scalability for vaccine
development. However, it has some limitations that
need to be considered. Firstly, we did not measure the
T-Cells (Th1) response in our study that could be crucial
to mount the effective antiviral response against SARS
CoV-2. The decision not to assess Thl response was
influenced by the initial focus on humoral responses
to evaluate the neutralizing antibody potential of the
RBM domain. Additionally, while BALB/c mice are
commonly used for immunological studies, their
response characteristics can sometimes add complexity
to interpreting Thl responses. Future studies will
include a comprehensive assessment of both cellular
and humoral immune responses to provide a more
complete understanding of the immunogenicity of the
RBM domain. Secondly, we applied Freund's adjuvant,
which is not used for humans and animals in some
countries. Further investigation with other adjuvants,
for example, alum, is needed. Thirdly, we did not remove
the His-tag from our final recombinant protein before
immunization. This decision was based on the low
molecular weight of the His-tag (~1.6 kDa). However,
it is worth noting that Lin et al demonstrated that the
addition of a His-tag to the recombinant vaccine may

Research Highlights

o Vaccines targeting the RBD of SARS-CoV-2 have been
shown to elicit neutralizing antibodies.

o The RBM on the RBD domain of SARS-CoV-2 is critical
for virus entry into host cells.

o Recombinant RBM protein (10 kDa) was successfully
expressed as an inclusion body in a prokaryotic host.

o A vaccine targeting the RBM of the S protein of SARS-
CoV-2 effectively induces neutralizing antibodies
against the RBD.

significantly impair protein immunogenicity against
SARS-CoV-2.7 Despite these limitations, our study
was successful in inducing receptor antibodies against
SARS-CoV-2. However, it is important to note that these
results cannot be extrapolated to predict transmission
inhibition in vivo. Further studies are needed to evaluate
the efficacy of rRBM as a potential vaccine candidate in
humans.

Conclusions

In conclusion, this study highlights the importance of
targeting the RBM domain of the spike protein in the
design of effective vaccines against SARS-CoV-2. Our
results provide evidence for the development of an
immunogenic vaccine that induces antibodies targeting
the RBM domain. Despite the limitations of our study,
the induction of receptor antibodies against SARS-CoV-2
with our vaccine candidate is promising and warrants
further investigation.
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