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ARTICLE INFO ABSTRACT

Keywords: The severe acute respiratory syndrome coronavirus 2 -related global COVID-19 pandemic has been impacting

RBD millions of people since its outbreak in 2020. COVID-19 vaccination has proven highly efficient in reducing

(S:QIZSIDClg 5 illness severity and preventing infection-related fatalities. The World Health Organization has granted emer-
-CoV-

gency use approval to multiple, including protein subunit technology-based, COVID-19 vaccines. Foreseeably,
additional COVID-19 subunit vaccine development would be essential to meet the accessible and growing de-
mand for effective vaccines, especially for Low-Middle-Income Countries (LMIC). The SARS-CoV-2 spike protein
receptor binding domain (RBD), as the primary target for neutralizing antibodies, holds significant potential for
future COVID-19 subunit vaccine development. In this study, we developed a recombinant Escherichia coli-
expressed RBD (rRBD) as a vaccine candidate and evaluated its immunogenicity and preliminary toxicity in
BALB/c mice. The rRBD induced humoral immune response from day 7 post-vaccination and, following the
booster doses, the IgG levels increased dramatically in mice. Interestingly, our vaccine candidate also signifi-
cantly induced cellular immune response, indicated by the incrased IFN-y-producing cell numbers. We observed
no adverse effect or local reactogenicity either in control or treated mice. Taken together, our discoveries could
potentially support efficient and cost-effective vaccine antigen production, from which LMICs could particularly
benefit.

Vaccine candidate
Escherichia coli

Introduction

The novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) emerged in the Chinese city of Wuhan in December 2019,
causing symptoms of pneumonia, displaying high transmissibility and
rapid global spread [1]. In more than 3 years of the COVID-19 pandemic,
by September 2023 more than 770 million cases had been verified, and
more than 6.9 million individuals had died as a result of COVID-19
(https://covid19.who.int/).

As of today, the World Health Organization (WHO) has granted
emergency use approval to a total of 12 COVID-19 vaccines, with two of

them being protein subunit vaccines (source: https://www.bccdc.ca/H
ealth-Info-Site/Documents/COVID-19_vaccine/WHO-EUA-qualified-co
vid-vaccines.pdf). The global challenge of ensuring vaccine accessibility
in less developed regions, compounded by vaccine hesitancy, has hin-
dered global vaccination efforts. Ongoing research and development
endeavors are diligently focus on devising innovative vaccines, adju-
vants, and immunization strategies to combat such obstacles, under-
scoring their paramount significance [2].

Consequently, the demand for a cost-effective vaccine production
platform enabling swift and inexpensive vaccine antigen generation is
immediate and pressing. Escherichia coli, a robust protein expression

Abbreviations: AID, Activation-induced deaminase; CAI, Codon Adaptation Index; ELISA, Enzyme-Linked Immunosorbent Assay; IB, Inclusion bodies; LMIC, Low-
Middle-Income Countries; RBD, Receptor binding domain; WHO, World Health Organization.

* Corresponding authors.

E-mail addresses: marsel@itb.ac.id (M.I. Tan), dessynatalia@itb.ac.id (D. Natalia).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jvacx.2024.100443

Received 3 July 2023; Received in revised form 16 January 2024; Accepted 18 January 2024

Available online 20 January 2024

2590-1362/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://covid19.who.int/
https://www.bccdc.ca/Health-Info-Site/Documents/COVID-19_vaccine/WHO-EUA-qualified-covid-vaccines.pdf
https://www.bccdc.ca/Health-Info-Site/Documents/COVID-19_vaccine/WHO-EUA-qualified-covid-vaccines.pdf
https://www.bccdc.ca/Health-Info-Site/Documents/COVID-19_vaccine/WHO-EUA-qualified-covid-vaccines.pdf
mailto:marsel@itb.ac.id
mailto:dessynatalia@itb.ac.id
www.sciencedirect.com/science/journal/25901362
https://www.elsevier.com/locate/jvacx
https://doi.org/10.1016/j.jvacx.2024.100443
https://doi.org/10.1016/j.jvacx.2024.100443
https://doi.org/10.1016/j.jvacx.2024.100443
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvacx.2024.100443&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

LA. Sdfitri et al.

host, could be particularly advantegous for such a purpose, offering cost-
efficient cultivation possibilities, high expression yields, ease of scal-
ability, and rapid turnaround times. In the vaccine development field,
final product affordability is crucial, particularly for Low-Middle-
Income Countries (LMIC). The need for an accessible vaccine
manufacturing system enabling efficient and affordable vaccine antigen
production is thus urging [3].

This stage in subunit protein platform development for vaccine
candidates in LMICs marks a pivotal milestone toward obtaining and
using such vaccines. Such vaccine candidates serve as blueprints for
bioprocessing method establishment for subunit protein platform-based
vaccine manufacturing, thereby contributing significantly to ensuring
equitable and widespread global access to safe and effective vaccines,
enhancing preparedness for potential future pandemics.

Moreover, immunogen selection remains an open question. Whereas
most of the approved vaccines use the full-length SARS-CoV-2 spike
protein as an immunogen, strong arguments support smaller spike
protein fragment-based vaccines, encompassing the receptor binding
domain (RBD). RBD-based SARS-CoV-2 vaccines reportedly elicit a
higher fraction of neutralizing antibodies (nAbs) than full-length spike
protein-based ones, likely due to the entire immune response targeted
against the RBD [4,5]. Moreover, high neutralizing titers would be
desirable, as nAb levels reportedly strongly correlate with protection
[6-8].

Vaccine platform use reportedly improves humoral and cellular im-
mune response against SARS-CoV-2, especially in the case of recombi-
nant RBD (rRBD) as a vaccine candidate [9-11]. Animal studies
confirmed that rRBD produced in mammalian cells induced neutraliza-
tion antibodies [12]. Ai et al [13] and Song et al [14] have demonstrated
that complementing the initial two inactivated whole virion vaccine
doses with an rRBD booster vaccine is not only safe and highly immu-
nogenic but also significantly enhances the immune response against
SARS-CoV-2 and its variants, leading to a robust and stable immuno-
logical response. In addition, several FDA-approved subunit vaccines (e.
g., Novavax) are available as boosters for those who cannot access or
receive FDA-approved messenger RNA bivalent COVID-19 booster vac-
cines [15].

In this study, we produced rRBD in the E. coli, evaluated its immu-
nogenicity, and assessed its preliminary toxicity in BALB/c mice. For
immune response enhancement, we administered rRBD together with an
aluminum hydroxide adjuvant. Alum is a well-established adjuvant with
an over-80-year history of use and the only adjuvant widely approved
for human use [16], enhancing immune response strength and efficacy
to the co-administered antigen. Therefore, it has been incorporated into
numerous licensed vaccines, including those for hepatitis A, hepatitis B,
human papillomavirus, diphtheria and tetanus, haemophilus influenza
type B, and pneumococcal conjugate vaccines [17,18]. Furthermore,
this adjuvant has also been applied in several protein subunit-based
COVID-19 vaccine candidates, such as Zifivax (clinical trial 4),
EuCorVac-19, GBP510, FINLAY-FR-2 (Soberana 02) (Clinical trial 3),
FINLAY-FR1 (Soberana 01), COVAC-1 & COVAC-2 (clinical trial 2), and
VAX1 (clinical trial 1) [19]. In this study, we demonstrated that rRBD of
SARS-CoV-2 could induce antibody and cellular immune response
without causing severe organ-related injury in mice.

Materials and methods
PET16b-RBD construction

We amplified an RBD-encoding DNA fragment from a S1-SARS-CoV-
2 synthetic gene- containing plasmid (GenScript, USA), codon optimized
for expression in E. coli, using the primer pair as follows: catatgCG
TGTGCAACCGACCGAAAG and ctcgagtcaGAAGTTCACGCATTTGTTCT
TAACC as forward and reverse primer, respectively. First, we cloned the
RBD DNA fragment into a pGEM-T vector. Subsequently, we subcloned
the RBD DNA fragment, digested with Ndel and Xhol, from the resulting
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recombinant pGEMT-RBD into the pET16b expression vector. We then
verified the resulting pET16b-RBD using restriction enzymes and
nucleotide sequencing analysis.

rRBD Expression, Purification, and refolding

We cultured E. coli BL21(DE3)-pET16b-RBD overnight, then inocu-
lated into 100 mL of LB medium (1 % tryptone, 0.5 % yeast extract, and
1 % NaCl) with ampicillin (100 pg/mL) and cultured at 150 rpm shaking
and 37 °C until reaching an ODggg value of 0.6-0.8. We then supple-
mented the culture with IPTG at a final concentration of 0.3 mM and
incubated for 3 h at 37 °C to induce rRBD expression. Next, we centri-
fuged the culture at 2935g and 4 °C for 10 min to collect the cells.

We resuspended the E. coli cell pellet in a solution containing 10 mM
Tris-Cl pH 8.0, and 100 mM NaCl. The cells were then lysed using a
sonicator at a frequency of 10 kHz for 10 min using the operating con-
ditions of 30-30 s “on” and “off”. The lysate was separated by centri-
fugation at 13,800g for 15 min and 4 °C. We then supplemented the
rRBD inclusion body-containing cell debris with denaturation buffer (10
mM Tris-Cl pH 8.0; 100 mM NaCl; 8 M urea) at a ratio of 1:5. We then
solubilizated the rRBD inclusion bodies by sonicating the suspension for
5 min using the above-described settings and then centrifuged it for 15
min at 13,800g and 4 °C to remove the non-solubilized inclusion bodies.
We then diluted the denatured rRBD 20 times with unfolding buffer
before being applying to the Ni-NTA agarose resin (Qiagen, Germany).
The rRBD containing resin was washed with 4-times column volume of
unfolding buffer followed by 2 times column volume of low imidazole
elution buffer (8 M urea; 10 mM Tris-Cl pH 8.0; 50 mM imidazole; 100
mM NaCl). Finally, we eluted the bound rRBD protein using high
imidazole elution buffer (8 M urea; 10 mM Tris-Cl pH 8.0; 300 mM
imidazole; 100 mM NaCl). We performed the purification at room
temperature.

Next, we refolded the denatured rRBD using the fast-dilution method
by adding the refolding buffer (0.05 % sarkosyl; 50 mM Tris-Cl pH 7.4; 1
mM GSH, 500 mM NaCl; 0.1 mM GSSG) to the protein solution at 4 °C.
After 30 min of stirring, the refolded rRBD was concentrated using a 10-
kDa molecular weight cut-off protein concentrator with a regenerated
cellulose membrane (Amicon, USA) at 1878g and 4 °C. We then dialyzed
the Refolded rRBD with PBS buffer pH 7.4 at 4 °C for 2 h.

Finally, we analyzed the protein profile and concentration using the
SDS-PAGE and Bradford methods, respectively. We determined the
endotoxin level of rRBD using the LAL Chromogenic Endotoxin Quan-
titation (Thermoscientific, USA) method following the manufacturer’s
instruction.

Mouse vaccination with the rRBD

We obtained 6-week-old male and female BALB/c mice of a body
weight of 25-30 g (n = 6 for each group) from the animal laboratory of
School of Life Science and Technology, Bandung Institute of Technology.
The mice were given access to water and feed ad libitum and housed with
a 12-hours dark-light cycle. We injected the mice intramuscularly with
10-pg rRBD-containing alhydrogel 1.3 % (v/v) or adjuvant alhydrogel
1.3 % with PBS (v/v) as a control on days 1 (first injection), 21 (second
injection) and 42 (third injection). On day 21 after the third injection
(second booster) or day 63 after the first injection, we sacrificed the
animals for organ collection for further preliminary vaccine toxicity
study and cytokine-derived T-cell analyses (Fig. 2A.). The Research
Ethics Committee of Padjadjaran University, Bandung approved animal
use in this study (Ethical Clearance No: 501/UN6.KEP/EC/2021).

Prior to mouse vaccination, we observed the rRBD adsorption in
alhydrogel adjuvant. For antigen adsorption in the adjuvant, we fol-
lowed the methods described previously by Jones et al. [20]. We
observed that the adjuvant adsorbed 80 % rRBD (Figure S1), fulfilling
the minimum WHO requirement [21].
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Sample collection

We collected the blood samples by retro-orbital bleeding on days 0, 7,
14, 21 and 63 after the first vaccination, incubated them at room tem-
perature for 2 h or until coagulation, then centrifuged at 4 °C and 2800g
for 10 min. We collected the sera and kept at —80 °C until antibody
evaluation.

Mice were sacrificed and their kidney, heart, liver, and spleen were
isolated for histopathological study. The kidneys, hearts, and livers were
then washed in PBS and weighed. We fixed the organs in Bouin fixative
solution and incubated for 24 h. The next day, we rinsed the organs with
70 % ethanol, embedded them into paraffin, sectioned to 7-um slices
using a rotary microtome (American Optical, USA), stained the sections
by hematoxylin-eosin for histological examination.

We isolated splenocytes by meshing the spleen aseptically in an
RPMI1640 medium (Sigma, USA) with 1 % antibiotic—antimycotic so-
lution (Sigma, USA) and 10 % FBS (Sigma, USA), then filtered the sus-
pension using a 70-um cell strainer (Corning, USA). Next, we
supplemented the suspension with RBC lysis buffer, incubated the
mixture for 5 min, and stopped the reaction by adding culture medium,
followed by centrifugation at 4 °C and 200g for 10 min. After removing
the supernatant, we added fresh culture media to the pelleted cell and
calculated cell viability using the trypan blue exclusion method in a
hemocytometer.

Enzyme-Linked Immunosorbent assay

We analyzed the anti-rRBD antibody levels in mouse sera applying an
indirect ELISA method, using PBS for dilution. We used 1-ug/ml rRBD
SARS-CoV-2 protein in 50 mM carbonate-bicarbonate buffer pH 9.6 to
coat the 96-well ELISA plates (NEST, China), then incubated them
overnight at 4 °C. The next day, we rinsed the plate thrice with wash
buffer (PBS with 0.1 % (v/v) Tween-20, or PBS-T), blocked with
blocking buffer (1 % (w/v) BSA (Millipore, USA) in PBS-T), incubated at
room temperature for 1 h, then washed again twice with PBS. We added
50 pL of PBS-diluted mouse serum at a ratio of 1:50 to the well and
incubated the plate at room temperature for 2 h, then washed with PBS-
T four times. Subsequently, we added 100 pL of 1:10,000 HRP-
conjugated goat anti-mouse IgG (AP127P, Millipore USA) or HRP-
conjugated goat anti-mouse IgM (NBP1-73694, Novusbio USA) to each
well, incubated for 1 h at room temperature, then washed the plate with
PBS-T five times, added 50 pL of 3,3,5,5-tetramethylbenzidine solution
(T0440, Sigma Aldrich, USA) into each well and incubated the plate for
5 min in the dark. The reaction was stopped by adding an equal volume
of 1 M H3SO4 to the wells, and measured the absorbance at 450 nm
using. a microplate reader (iMark, Biorad, USA). We was every sample in
triplicates.

In order to observe the binding capacity of rRBD SARS-CoV-2 with
specific human IgG, we performed ELISA using convalescent COVID-19
serum and HRP-conjugated goat anti- human IgG (W99003P, Meridian
USA) as a secondary antibody. The use of convalescent COVID-19 serum
was authorized by Medical Research Ethics Committee of Universitas
Jenderal Achmad Yani, Indonesia (No. 164/ KEPK/ FITKES-UNJANI/
VIII/2022).

Cytokine analysis

We performed the cytokine analysis using a cytokine-specific
enzyme-linked immunospot (ELISPOT) kit assay (RnDsystems, USA)
following the manufacturer’s instructions. We cultured the splenocytes
and incubated them overnight in an incubator with 5 % CO5 at 37 °C. We
transferred 100 pL of 10° splenocytes onto a 96-well PVDF-backed
microplate and stimulated with 2 pg/mL of rRBD. We used spleno-
cytes without rRBD and 2 pg/mL concanavalin-A as negative and posi-
tive controls, respectively. All these conditions were assayed in
triplicate. The splenocytes were then incubated for 24 h in an incubator
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with 5 % CO- at 37 °C. Cells were removed and then the biotinylated
anti-IFN-y/IL-4 was added after washing the plate four times with
washing buffer. The plate was incubated overnight at 4 °C. Thereafter,
the plate was washed four times with washing buffer, and alkaline
phosphatase-conjugated streptavidin was added. The plate was incu-
bated at room temperature for 2 h. Afterward, BCIP/NBT substrates
were added to each well and incubated at room temperature for 1 h. The
IFN-y or IL-4 producing cell colonies were observed using a dissecting
microscope (Carl Zeiss, Germany) and quantified using ImageJ (htt
ps://imagej.nih.gov).

Preliminary toxicity studies

We performed preliminary toxicity studies of vaccine injection in
mice using several approaches. After the injection of mice, we observed
local reactogenicity on the injection site using the edema and erythema
appearance-based Draize scale. We registered the bodyweight every day
and body temperature in the ear 1, 2, and 24 h post-injection using an
infrared thermometer for animal (OEM, China). After hematoxylin-eosin
staining, we examine the histopathology of the kidney, heart, and liver
samples using light microscopy (Carl Zeiss, Germany) and scored our
observations based on the tissue damage rating as follows: 3 (severe), 2
(moderate), 1 (mild), 0 (normal).

Statistical analysis

We performed the statistical analyses between groups with multiple
time points using two-way ANOVA with Tukey’s multiple comparison
post hoc test. We used unpaired student t-test to compare two groups
and analyzed nonparametric data using the Mann-Whitney U test. We
defined statistical significance at P-values of p < 0.05.

Results
rRBD production in E. coli BL21(DE3)

We designed the synthetic rRBD encoding gene based on the
sequence of the Wuhan-1 variant and codon optimized it for expression
in E. coli. The 669-bp-size rRBD DNA fragment displayed a high Codon
Adaptation Index (CAI) value and GC content of 0.96 and 54.53 %,
respectively, which we inserted between the Ndel and Xhol restriction
sites of the pET16b expression vector to produce pET16b-RBD plasmid
(Fig. 1A), expressing rRBD as an insoluble protein with a molecular mass
of 25 kDa (Fig. 1B).

We solubilized the inclusion bodies (IB) using 8 M urea and purified
the denatured protein using Ni-NTA affinity column chromatography.
The unfolded rRBD underwent a refolding process through a rapid
dilution technique applying a reduced glutathione (GSH) and oxidized
glutathione (GSSG)-containing refolding buffer to facilitate disulfide
bond formation and attain the correct rRBD conformation.

rRBD antigenicity evaluation with specific IgG from convalescent COVID-
19 serum

We evaluated rRBD antigenicity using ELISA with convalescent
COVID-19 serum samples from patients who previously tested positive
for SARS-CoV-2 through RT-PCR. We observed that rRBD displayed a
specific reactivity against the convalescent COVID-19 serum (Fig. 2).

This result demonstrated that the IgG in the convalescent COVID-19
serum could bind rRBD, suggesting that the rRBD epitope could be
recognized by the human IgG paratope in the convalescent COVID-19
serum. Furthermore, we conducted an in silico study of rRBD epitopes
against B cell receptors using immunoinformatic prediction Bepipred
2.0 on https://tools.iedb.org, seven of which could bind antibodies
(Figure S2). Jiang et al. [22] and Li et al.[23] demonstrated that the
SARS-CoV-2 RBD epitopes “ATRFAS,” “YAWNRKRISN,”
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Fig. 1. Plasmid map and rRBD expression profile. A. pET16b-RBD plasmid containing the rRBD gene. B. SDS-PAGE analysis of rRBD production and purification.
Lane 1: insoluble fraction (IB) containing rRBD; lane 2: lysate; lane 3: solubilized IB-rRBD; lane 4: NiNTA purified unfolded rRBD; lane 5: refolded rRBD.
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Fig. 2. Comparative antigenicity evaluation of rRBD with commercial
RBD using serum from three convalescent COVID-19 patients. Serum was
diluted to 1:1000. The data is presented as the mean value of triplicate samples,
with error bars indicating the standard error of the means.

“DEVRQIAPGQTGKIADYNYK,” “STEIYQAGSTPCNGVE” [22], as well as
“VLYNSASFSTFKYGVSP” and “PFERISTEIYQAGSTPC” [23] are domi-
nant and bind immunoglobulins (Ig).

In our study, we acknowledge the limitations of our experiment. We
focused solely on investigating antigenicity using our rRBD compared to
a commercial rRBD protein. To enhance the reliability and robustness of
our research, it is imperative to broaden the spectrum of antigens used in
our antigenicity tests. Furthermore, conducting neutralization assays
with pseudovirus will help validate and reinforce our findings, resulting
in a more comprehensive understanding of the antibody response.
Additionally, our forthcoming investigations will delve into the intricate
aspects of rRBD folding and explore the specific epitopes responsible for
interactions with immunoglobulins, thus deepening our comprehension
of these complex mechanisms.

Recombinant RBD elicited a strong humoral immune response in BALB/c
mice.

rRBD induced humoral immune response both in male and female
BALB/c mice, significantly increasing the IgM and IgG antibodies in the
rRBD-Alum group since day 7 post-injection (Fig. 3B and C). An rRBD
booster dose with intervals of 21 days, dramatically enhanced the IgG
levels in the RBD-Alum group (Fig. 3B and C) with female mice
exhibiting higher IgG antibody levels (Fig. 3C).

Female mice (Fig. 3.C) exhibited significantly higher IgG levels
compared to male mice (Fig. 3.B) on day 14 (P = 0.0008) and day 21 (P
= 0.0002) after the primary immunization, on day 21 after the first
booster (P = 0.0001), and on day 21 after the second booster (P =
0.0051).

Recombinant RBD induced IFN- y and IL-4-Secreting cells in spleen

rRBD SARS-CoV-2 successfully induced cellular immunity against
RBD SARS-CoV-2. IFN-y secreting T cell was significantly high in
immunized mice (Fig. 4A). Therefore, it is possible that rRBD can acti-
vate cellular immune response. Moreover, in our study, number of IL-4
secreting splenocytes was higher than the control group (Fig. 4B).

TRBD exhibits no adverse effect

We observed no edema (swelling) or erythema (redness) at the in-
jection site either in female or male mice following vaccination. More-
over, body temperatures remained healthy after vaccination (Table S1),
with an increase not exceeding 2 °C, indicating that rRBD did not cause
fever. Our mouse bodyweight evaluation did not indicate any harmful
effect of rRBD either (Figure S3 and Table S2).

Furthermore, we observed no significant differences in the relative
organ weight among the mouse groups (Figure S4). Taken together, our
histopathological study demonstrated that rRBD exhibited no adverse
effect on heart, kidneys and liver in mice. Based on the histopathological
study of the heart, rRBD did not cause any inflammation, fibrosis,
vacuolar, atrophy or hypertrophic myocardium, although we observed
few instances of necrosis with a low severity score within the physio-
logical range (Figure S5). rRBD did not alter the glomerular and tubular
structure in kidneys of the vaccinated mice, although we detected a mild
interstitial inflammation especially in the kidney of vaccinated male
mice (Figure S5 and Table S3). Finally, we could describe mild
inflammation and necrosis in the liver of PBS and vaccinated mice
(Figure S5 and Table S3).

Discussion

In this study, we abundantly produced a recombinant RBD (rRBD)
SARS-CoV-2 in E. coli BL21(DE3), using a cost-effective and scalable
production method. rRBD contains two N-linked glycosylation sites,
while the absence of glycosylation in rRBD when produced as IB in E. coli
BL21(DE3), could potentially render it insoluble. However, through a
refolding process involving using urea as a denaturing agent, followed
by gradual dilution, we have successfully attained the correct rRBD
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Fig. 3. Mouse immunization with rRBD. A. Inmunization and sample collection schedule in BALB/c mice. (B and C) Humoral immune responses against rRBD
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conformation. Furthermore, our rRBD demonstrated effective interac-
tion with IgG present in a convalescent COVID-19 serum (Fig. 2).

Our immunogenicity study of the obtained adjuvanted rRBD
revealed a remarkable humoral immune response in BALB/c mice with
pronounced stimulation 21 days post-vaccination (Fig. 3). This finding
both reaffirms the robust immunogenicity of adjuvanted rRBD and is
also in good agreement with prior results obtained by Du et al. [9] and
Yang et al. [10], wherein RBD, when combined with alum, elicited a
potent humoral immune response in murine models. In addition, our
investigation coincided with a notion put forth by previous studies
[9,24,25], suggesting that the 21- and 28-day intervals serve as oppor-
tune windows for booster administration. Although our study suggested
that rRBD could induce increased antibody production against rRBD,

p < 0.0001. SFC: Spot Forming Cells.

further investigations would be required to determine whether the
produced antibodies could neutralize SARS-CoV-2 to confirm rRBD ef-
ficacy if developed as a vaccine candidate.

The high humoral immune responses obtained in our study were
supported by the in silico epitope analysis [26,27] of the SARS-CoV-2
RBD protein. This analysis revealed a plethora of epitopes within
rRBD possessing the potential to stimulate B cell production (Table S4).
In parallel with the study of Jiang et al. [22], we identified two epitopes,
“DEVRQIAPGQTGKIADYNYK” and “STEIYQAGSTPCNGVE,” within the
SARS-CoV-2 rRBD that exhibited strong interactions with IgG from
BALB/c mice. These epitopes notably contained immunodominant
peptide sequences, “VRQIAP” and “YQAGSTP,” pivotal for eliciting the
humoral immune response. Moreover, our work uncovered additional
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immunodominant epitopes, “VLYNSASFSTFKYGVSP” and “PFER-
ISTEIYQAGSTPC,” reportedly influential in IgG response stimulation in
BALB/c mice [23].

Our investigation yielded a remarkable and distinct result, revealing
a notable disparity in the immune response against adjuvanted rRBD
between female and male mice. Such disparities in immune responses
have been observed in vertebrates and could be attributed to inherent
hormonal differences between females and males [28]. Hormonal roles,
especially that of estrogen, in shaping immune responses has been
extensively explored. Building upon this knowledge, our study aligns
with that of Pauklin et al. [29], presenting estrogen regulatory influence
by upregulating activation-induced deaminase (AID) expression. AID is
key in the B-cell class switch recombination and somatic hypermutation,
processes critical for humoral immune response adaptability and
efficacy.

Further investigation of the adjuvanted SARS-CoV-2 rRBD has yiel-
ded a compelling and distinctive outcome, highlighting its ability to
induce cellular immunity, a facet that sets study apart. This cellular
immune response was characterized by a substantial increase in IFN-
y-secreting T cells, originating from both CD4 + and CD8 + T cell sub-
sets. Sad et al. [30] revealed that CD4 Th1 and CD8-T cells in splenocytes
secreted IFN-y. Intriguingly, our in silico study and previous research
aligned well [31-33], unveiling 11 epitopes within the SARS-CoV-2
rRBD associated with MHC class I (MHC-I) binding (Table S5).
Notably, two of these epitopes, “VSPTKLNDL” and “CGPKKSTNL,”
exhibited the highest percentile rank in terms of their binding affinity
with MHC-I molecules in BALB/c mice. These findings paralleled the
observations of Muraoka et al. [34], presenting that the RBD SARS-CoV-
2-derived epitope peptide “CGPKKSTNL” specifically induced CD8 + T
cell responses in BALB/c mice. RBD also enhanced MHC I expression in
dendritic cells compared to the full length of spike protein [35]. The
presence of MHC-I epitopes within the adjuvanted rRBD suggests that
IFN-y secretion might be predominantly driven by CD8 + T cells,
consistent with the work of Shrivastava et al. [36], demonstrating that
mammalian cell-expressed RBD could stimulate CD8 + T cells to secrete
IFN-y. Taken together, these findings underscore the potential of E. coli-
produced rRBD, as explored in our study, to elicit a robust cellular im-
mune response. In addition, our study aligns with previous ones [37,38]
presenting intriguing trends related to glycosylation in RBD-based vac-
cines. Notably, glycosylation-deleted RBD SARS-CoV-2 mRNA vaccines
and those lacking glycan shields on the spike protein have demonstrated
heightened CD8 + T cell responses and increased immune levels. These
findings further emphasize the unique and promising immunogenicity of
E. coli-produced rRBD, setting the stage for its potential application in
cellular immune-focused vaccine strategy development. Although the
adjuvanted rRBD in this study reportedly increases IFN-y-secreting cells,
further studies should, using peptide pools, should aim to ascertain the
specific rRBD peptides responsible for inducing cellular immune re-
sponses. In addition, despite alum apparently enhancing rRBD immu-
nogenicity, further investigations would be required to determine the
most efficient adjuvant for enhancing rRBD immunogenicity.

Our preliminary safety study conducted in Balb/C mice indicated
that rRBD SARS-CoV-2 the injection did not result in any edema or er-
ythema. Furthermore, mouse body temperature increased within the
range of 0.02-0.18 °C, remaining well within the healthy physiological
range [39]. Furthermore, both mouse groups exhibited a steady weight
gain of approximately 1.1-1.72 g per week, a pattern that aligns with
established norms as confirmed by the standards set by the Jackson
Laboratories [40].

rRBD administration did not result in any adverse effects on the
heart, liver, or kidneys in mice. We did not observe significant changes
were in the relative organ weight or histopathology either. We detected
low-level necrosis in all organs with low severity score in both vacci-
nated and control mice. However, vaccinated male mice exhibited mild
interstitial inflammation, particularly in the kidney and liver, of unclear
origins, although the observed necrotic and inflammatory changes in the
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liver could be possibly due to aluminum distress, as previously reported
[41,42]. In addition, mild inflammation might be potential caused by
rRBD from the SARS-CoV2 spike protein, reportedly exhibiting lip-
otoxicity potential in liver and kidney cells. A study of Nguyen et al. [43]
revealed that the spike protein could interfere with lipid metabolism and
the autophagy pathway. Therefore, our results suggest that rRBD is the
spike protein segment responsible for this mild inflammation in male
mice.

Conclusion

In this study, we produced a recombinant RBD, which successfully
elicited both humoral and cellular immune responses in BALB/c mice.
rRBD booster dose administration further amplified the IgG levels and
promoted IFN-y- and IL-4-producing cell generation. Importantly, the
formulated rRBD demonstrated no toxicity or significant adverse his-
topathological effects in mouse organs. Taken together, E. coli-produced
rRBD emerges as a promising SARS-CoV-2 vaccine candidate.
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