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ABSTRACT

Background and Objectives: The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants
has presented a challenging issue for global health in the 21% century. Frequent mutations in viral genomes have diminished
the effectiveness of current vaccines against new variants. Messenger RNA (mRNA) vaccine is a promising platform for
eliciting a robust T cell immune response.

Materials and Methods: We evaluated the uptake of MRNA-LNPs into human monocyte-derived dendritic cells by mea-
suring the intensity of enhanced eGFP expression in the transfected cells. Next, we assessed the effect of MRNA-LNPs on
immune response induction in mice following a prime-boost immunization strategy, along with analyzing cytokine release.
The safety of the vaccine candidate was examined through pyrogenicity and toxicity assays.

Results: Upon intramuscular injection of mice, potent antibodies specific to viral S protein, robust Th1-biased cell-mediated
immunity, and enhanced IFN-y expression were induced. These observations indicate that mMRNA-LNP was taken up and
that it migrated to the lymph nodes. Furthermore, the vaccine candidate did not cause inflammation or local reactions after
injection, as confirmed by biochemical, hematological, and histopathological examinations.

Conclusion: Because of its ability to target immune cells, the mRNA vaccine candidate can potentially improve immune
responses against circulating or emerging variants.
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INTRODUCTION

The spread of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has led to loss of life
and economic hardship during the 2019 COVID-19
pandemic (1). Since the outbreak of the pandemic,
various vaccine development platforms have been es-
tablished against SARS-CoV-2, including inactivat-
ed whole virus particle, ribonucleic acid, vectored,

and protein subunit vaccines. However, only some of
them have been approved for widespread use (2, 3).
The most recent platform to evolve for introducing
foreign antigens in vivo to induce immune respons-
es is mMRNA vaccines. While the concept of using
mRNA in pharmacology began in 1989, significant
progress has been made in developing messenger
RNA (mRNA)-based vaccines during the COVID-19
pandemic (4).

“Corresponding author: Shahla Shahsavandi, Ph.D, Razi Vaccine and Serum Research Institute, Agricultural Research Education and

Extension Organization, Karaj, Iran.

Tel: +98-2634570038-46

Fax: +98-2634552194 Email: s.shahsavandi@rvsri.ac.ir

Copyright © 2025 The Authors. Published by Tehran University of Medical Sciences.

0 @ This work is licensed under a Creative Commons Attribution-Non Commercial 4.0 International license
(https://creativecommons.org/licenses/by-nc/4.0/). Noncommercial uses of the work are permitted, provided the original work is properly cited.

826


http://doi.org/10.18502/ijm.v17i5.19891
mailto:shahsavandi@rvsri.ac.ir
https://creativecommons.org/licenses/by-nc/4.0/

In vitro transcribed (IVT) mRNA carries the in-
structions for making specific proteins by encoding
relevant antigens. This mRNA provides cells with a
blueprint, which is then used by ribosomes to pro-
duce the desired proteins. Normally, IVT mRNA
consists of an open reading frame, a 5" cap, a 3’ poly
(A) tail produced from a linear DNA template using
an RNA polymerase, and flanking untranslated re-
gions (UTRs) (5). The stability and ability of mMRNA
to be translated are key factors in the effectiveness
of vaccines. The 5" and 3' UTRs play a strong role
in determining these properties. Adding a cap and
an optimal length of poly (A) tail are important for
optimizing mRNA translation and stability, as well
as increasing protein production. Increasing the G:C
percentage and replacing rare codons with frequent-
ly used synonymous codons are other forms of se-
quence optimization that lead to increased steady-
state MRNA levels and protein expression (6, 7).
The role of these issues has already been discussed
extensively. Moving beyond the role of these regu-
latory elements, the great challenge remains the ef-
fective delivery of mMRNA into the cell. Induction of
immunity is contingent upon the delivery of mMRNA
into the antigen-presenting cells (APCs). Therefore,
IVT-mRNA needs a delivery system to facilitate
cytosolic localization and enable efficient protein
production. Because mRNA is easily broken down
by ribonucleases, it can be degraded before it even
reaches the target site. To solve this issue, various
delivery systems have been developed. Encapsulat-
ing MRNA into lipid-based carriers enables quick
uptake and expression of the molecule within the cy-
toplasm (8, 9).

The design technique of mMRNA vaccines requires
crucial mMRNA modifications to optimize target pro-
tein expression and appropriate carrier formulations
to ensure efficient cellular uptake. Following intra-
muscular injection, the cells process the delivered
mRNA and express the target antigen via recruit-
ment of immune cells. The FDA-approved SARS-
CoV-2 mRNA vaccines are lipid nanoparticle (LN-
P)-based vaccines. Administration of MRNA-LNPs
induces local infiltration of immune cells to the site
of injection. Following an efficient internalization of
MRNA-LNPs, monocytes and dendritic cells (DCs)
translate the mRNA and upregulate cytokine produc-
tion. LNPs offer many advantages, such as enhancing
pharmacokinetic efficacy, increasing stability, and
providing adjuvant properties for mRNA vaccines
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(10, 11). LNP-based mRNA vaccines contain an ion-
izable cationic lipid, cholesterol, a phospholipid, and
a PEGylated lipid (12). In our previous studies, we
designed the receptor binding domain (RBD)-dimer
mRNA of Delta and Omicron variants construct,
synthesized the MC3 ionizable cationic lipid from
safflower edible oil, validated the formulation of the
IVT-mRNA encapsulated in LNPs, and evaluated
the delivery capacity of prepared mRNA-LNPs into
HEK?293T cells (13, 14). In the present study, we eval-
uated the in vitro transfection efficiency and cellular
uptake of the prepared mMRNA-LNPs into human
immune cells and demonstrated the immunogenicity
and safety of the mRNA vaccine candidate in ani-
mal models. These data support the introduction of
an alternative to the cationic lipid in the mMRNA-LNP
formulation.

MATERIALS AND METHODS

Synthesis of IVT-mRNA and formulation of the
MRNA-LNP. The DNA template for the IVT-mRNA
was based on the RBD of Delta and Omicron vari-
ants (Accession No. PP084047). DNA was cloned
into a pVAX1 expression vector includes backbone
sequence main elements as well as the eGFP reporter
gene bordered by 5' UTR, and then transcribed using
the T7 ULTRA Transcription Kit (Invitrogen™) (13).
To prepare the LNP solution, the aqueous phase con-
sisting of MRNA in a sodium citrate buffer was slowly
added to the ethanolic phase containing MC3 cationic
lipid and other ingredients at an optimal molar ratio
of 50:10:38.5:1.5. Transfection efficacy in HEK293T
cells demonstrated that the LNPs enable the delivery
of an adequate amount of mMRNA cargo, resulting in
the generation of an eGFP signal (14).

Generation of human monocyte-derived den-
dritic cells (mo-DCs). Whole blood samples were
taken from healthy donors, and human peripheral
blood mononuclear cells (PBMCs) were isolated using
Ficoll's solution (Sigma-Aldrich) with a concentration
gradient. The collected PBMCs were washed and
then incubated with a human CD14-specific antibody
(BioTechne, R & D Systems). The CD14+ monocytes
were cultured at 4 x 10° cells/ml in RPMI-1640 medi-
um (GibcoTM) supplemented with FBS (GibcoT M),
antibiotic solution (GibcoT M), recombinant GM-CSF
(100 ng/ml; Sigma-Aldrich), and recombinant human
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IL-4 (50 ng/ml; Karmania pars gene) and incubated
at 37°C for six days. The medium was replaced with
a fresh one containing the same levels of GM-CSF
and IL-4 every three days. The morphology of the
cells was checked daily to confirm the time of DC
maturation. On day 7, the cells were examined for the
expression of CD11c and CD14 markers using flow
cytometry (BD Biosciences).

Transfection of mo-DCs with IVT-mRNA. The
5 x 10* cells/well of mo-DCs were seeded in a 24-
well plate, then incubated at 37°C, and treated with
serum-free Opti-MEM | reduced serum media (Gib-
goTM). The mRNA-LNP and the diluted LNP solu-
tion in RPMI 1640 were directly transferred to each
well. For positive control, the standard Lipofectamine
MessengerMAX reagent (ThermoFisher Scientific)
was used. Then the plate was incubated at 37°C for 48
h. Transfection efficiency was measured by estimat-
ing the intensity of eGFP protein expression in mR-
NA-LNP-transfected cells in a BD Accuri™ C6 Plus
flow cytometer at excitation/emission of 488/533 nm
and 488/585 nm 24 and 48 h after transfection. Flow
cytometry data were then analyzed using CellQuest
and FlowJo software.

Immunization of mice. This study followed the
national and international laws and guidelines for the
“Care and Use of Laboratory Animals” and was ap-
proved by the Razi Institute's Committee on the Ethics
of Animal Experiments. Fifty female BALB/c mice,
aged 6 to 8 weeks and averaging 20 grams in weight,
were equally divided into five groups for the immu-
nization experiments. The details of the grouping and
immunization programs are presented in Table 1. A
commercial injectable reagent was used to evaluate
the efficiency of LNP as a carrier. An equal volume
of IVT-mRNA was mixed with the in vivo-jetRNA®
(Polyplus transfection) reagent, then the mMRNA buf-
fer was added. Positive and negative controls were
considered, including the mRNA-reagent solution

and PBS. The injection volume for each mouse was
100 pl, and it was administrated intramuscularly in
the upper thigh. Sera were collected at one-week
intervals up to 42 days post-vaccination to examine
the antigen-specific antibody levels induced by the
vaccine candidate. Cell-mediated immune responses
were assessed by using the PBMCs collected at the
end of the experiment.

Determination of humoral responses and an-
tibody isotypes. Antibodies targeting the SARS-
CoV-2 S protein were examined using an ELISA in
serum samples. Briefly, each well of a 96-well ELISA
microplate was coated with 2 pg/ml of recombinant S
protein (ACRO Biosystems) in PBS (pH 7.2) through
overnight incubation at 4°C. The plate was then
blocked with blocking buffer at 37°C for 2 h after be-
ing washed twice with TPBS. The sera were diluted
with blocking buffer and incubated for an additional
2 h. Subsequently, the HRP-conjugated goat anti-hu-
man IgG secondary antibody was applied at a 1:5,000
dilution. The optical density (OD) was measured at
450 nm.

To determine the antibody isotypes, the levels of
antigen-specific 1gG1 and 1gG2a were estimated us-
ing the HRP-conjugated anti-mouse IgG1 and 1gG2a
antibodies, diluted at a ratio of 1:5,000.

Cytokine analysis and CD4 and CD8 expression.
For quantitative measuring of intracellular cytokines
and/or surface markers, PBMCs were isolated from
each experimental group using Ficoll-Hypaque den-
sity gradient centrifugation. Approximately 4 x 10°
of the cells in FBS-supplemented RPMI-1640 were
seeded in a 96-well round-bottomed microplate. The
cells were stimulated with viral S protein at a final
concentration of 10 pg/ml. As a positive control, phy-
tohemagglutinin (GibgoTM) was used at a final con-
centration of 5 pg/ml. Concentrations of IFN-y and
IL-4 were analyzed by ELISA kits (Mabtech AB,
Sweden) in cell supernatants.

Table 1. Immunization schedule of mice vaccinated by mRNA-LNP of the SARS-CoV-2 Delta and Omicron variants

Groups Immunization schedule

A One dose (0.2 pg/ul) of mMRNA-LNP vaccine candidate, prime at day 0

B One dose (0.2 pg/pl) of MRNA-LNP vaccine candidate, prime at day 0 and boost at 14 days
C LNP carrier without mRNA loading

D IVT-mRNA chimeric construct loaded in transfection reagent

E PBS
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To evaluate the surface expression of CD4 and
CD8 molecules on T lymphocyte subsets, two-color
fluorochrome-labelled antibodies consisting of anti-
CD8-FITC and anti-CD4-PE (BioLegend, USA) were
used in flow cytometry. Cells were determined by BD
FACSCalibur Flow Cytometer (BD Biosciences) and
analyzed using FlowJo software.

Safety

Pyrogenicity. The presence of pyrogen or fever-
inducing substrate was examined using the rabbit
pyrogen test (RPT) and the cell-based mono- cyte
activation test (MAT). To apply RPT, 9 healthy
mature rabbits (3 for each treatment) weighing 1.8-2
Kg were maintained individually at 20-23°C. The ini-
tial body temperature was determined with a rectal
thermometer (Elleb; USA) 90 min before the treat-
ment. An amount of 1 ml/kg of rabbit weight of each
MRNA-LNP, LNP, and PBS was injected through the
marginal vein of the ear and the body temperature
was recorded every 15 min for 3 h. According to the
protocol (24), if the body temperature does not exceed
0.6°C and the total increased temperature of three
rabbits in each treatment does not exceed 1.15°C, this
substance is not pyrogen.

For the MAT assay, mo-DCs were grown in supple-
mented RPMI-1640 medium and seeded at a concen-
tration of 2 x 10° cells/ml in a 96-well round-bottom
plate. Cells were placed at 37°C, and the following
day, mMRNA-LNP and a diluted LNP solution in
RPMI-1640 were added in quadruplicate to the plate
wells. LPS solution (100 ng/ml; Sigma-Aldrich) and
RPMI-1640 were included as controls, and the cells
were allowed to incubate for 24 h. Supernatant from
each well was collected and tested for IL-6 content
using a specific ELISA kit (Pishtaz Teb, Iran).

Mouse toxicity study. The dose toxicity study was
conducted on 30 female BALB/c mice. The animals
were divided into three groups (n=10), and two dos-
es of each mMRNA-LNP, LNP, and PBS were injected
into the quadriceps muscles of both legs on days 1
and 14. Observations on the general state of the ani-
mals' health, including feed and water consumption,
local irritation, behavioral reactions, and individual
body weights, were recorded for all animals. Blood
and serum samples were collected at defined inter-
vals for hematology and clinical chemistry parame-
ter analysis. The mice were euthanized at each time
point, and histological examinations were performed
as part of the subchronic toxicity experiment. Tissue
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sections from the lungs, spleen, liver, brain, kidney,
heart, lymph nodes, small intestine, and the site of
injection were stained with Hematoxylin and Eosin
(H&E).

Statistical analysis. The statistical analyses were
conducted using the one-way ANOVA, and any dif-
ferences were deemed statistically significant when
the P value was less than 0.05.

RESULTS

More than 94% of the mMRNA-LNP and LNP-trans-
fected mo-DCs were alive after 24 and 48 h. Com-
pared to control cells with 96% cell viability, no
significant decrease (P<0.05) was found, which in-
dicates that apoptosis did not occur after transfection
of MRNA-LNP or unloaded LNP. Thus, none of the
MRNA-LNP or ionizable cationic lipid MC3 synthe-
sized from safflower oil used as the main compound
for making LNP are toxic for these cells.

Transfection efficiency of mMRNA-LNP formulated
at a volume ratio of 20:100 mRNA: LNP was eval-
uated by the expression of eGFP reporter in human
mo-DCs. More than 70% (72.34%) of cells expressed
the eGFP reporter protein (Fig. 1). Although the flu-
orescence intensity of eGFP expression was estimat-
ed to be lower compared to the commercial reagent
Lipofectamine (93.74%), the synthesized LNP also
showed high efficiency in mRNA transfer. No sig-
nificant decrease (P<0.05) in cells expressing eGFP
was observed after two days. Thus, a small amount of
MRNA can be transfected into the cell with a suitable
efficiency with formulated LNP whose ionizable cat-

N o3 , T23a%
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1004
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Fig. 1. Transfection efficiency of mMRNA-LNP into human
mo-DCs. Transfection levels as mean eGFP fluorescent
signals from 1000 analyzed cells (A) transfected with mR-
NA-Lipofectamine and (B) transfected with mRNA-LNP
complex.

IRAN. J. MICROBIOL. Volume 17 Number 5 (October 2025) 826-834 829


http://ijm.tums.ac.ir/

SHAHLA SHAHSAVANDI ET AL.

ionic lipid is synthesized from safflower oil.

An ELISA was designed to assess the humoral im-
mune responses induced by mRNA-LNP through a
prime-boost vaccination scheme in mice. The results
showed a significant rise (P<0.05) in the specific an-
tibody titer against S antigen after immunization with
the mRNA-LNP vaccine candidate and in the group
receiving the mRNA-reagent (Fig. 2a). An increase
in antibody titer in groups receiving the mMRNA-LNP
vaccine candidate started one week after immuniza-
tion and peaked on day 21. This increase was signifi-
cant (P<0.05) from day 28 (2 weeks after the booster
dose) until the end of the experiment period. The de-
creased antibody titer in the group receiving one dose
of vaccine could indicate the critical role of booster in-
jection in the durability of the specific titer against the
targeted antigen. The IgG1 isotype levels increased
after the first injection of the mMRNA vaccine candi-
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date and reached the highest level after 21 days in
the booster dose group. This increase was significant
(P<0.05) compared to the PBS-control mice. More-
over, both vaccinated groups were positive for 1gG1
or 1gG2a (Fig. 2b), implying a tendency towards a Thl
immune response. The ratio was greater than 1 in mice
receiving one dose, which indicates that mainly Th2-
type antibody responses were induced against S anti-
gen (Fig. 2c). After boosting, the immune responses
were shifted towards the Thl phenotype.

PBMCs collected from mice given an mRNA-LNP
vaccine showed higher frequencies of S-specific
IFN-y-positive T cells compared to those that did not
receive the vaccine (Fig. 3). Like the antibody find-
ings, the strength of the cell-mediated response was
influenced by the booster injection. The response level
in the booster group was significantly higher (P<0.05)
than in the single-dose group. Evaluation of the 1L-4

NP mPBS
e 1261/1g632 index
L
1.10
L ] *
L ]
1.05- [ 3
_._
* L J
10

mRNA-LNP (2} mRNA-LNP (1)

<)

Fig. 2. a) The specific 1gG antibody production against S protein in the groups of mice. * indicates a significant difference
(P<0.05) in the specific antibody titer between the group receiving one dose of vaccine candidate (MRNA-LNP 1), the group
receiving two doses (MRNA-LNP 2), and standard reagent mRNA with other groups. ** indicates a significant difference
(P<0.05) in the specific antibody titer between the group receiving the booster dose and the other two treatment groups. b)
Evaluation of IgG1 and 1gG2a isotypes of specific antibodies against S protein in the groups receiving the mMRNA-LNP vac-
cine candidate (with and without a booster dose) compared to the control group receiving PBS. ¢) 1gG1/IgG2a ratio index
isotypes before and after booster dose injection of MRNA-LNP vaccine candidate.
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Fig. 3. Induction of IFN-y cytokine expression in groups of
mice. * indicates a significant difference (P<0.05) between
the group receiving one dose of vaccine candidate (mR-
NA-LNP 1), the group receiving two doses (NRNA-LNP 2),
and mRNA-standard reagent with other groups, ** indicates
significant difference (P<0.05) between the group receiving
the booster dose and the other two treatment groups.

levels showed an increase after the prime and boost
doses in the vaccinated subjects compared to those
in the control group receiving PBS (Fig. 4), which
was not statistically significant (P<0.05) after boost-
ing. The density of the dot charts increased in these
groups, particularly after the booster dose was admin-
istered. The average percentages of CD4 and CD8
cells, as well as the CD4/CD8 ratio, during the 42-day
immunization period are summarized in Table 2.

The body temperature of rabbits in each mMRNA-
LNP, LNP, and PBS injection was increased during
the 3-hour monitoring in RPT. However, the chang-
es did not exceed 0.6°C compared to the background
body temperature, and its highest distribution was re-
corded in 38.7-38.9°C (Fig. 5).

The non-pyrogenicity of the mRNA-LNP and LNP
was confirmed by quantification of the released 1L-6
in MAT. LPS binding to TLR4 causes pro-inflamma-
tory cytokines to react, especially IL-6, so it was used
as a positive control. MRNA-LNP and LNP treatments
did not affect the IL-6 content in human mo-DCs cul-
ture; however, cytokine secretion was significantly
increased (P<0.05) in response to stimulation by LPS
(Fig. 6).

After injecting mice with mRNA-LNP or LNP, a
slight decrease in body temperature and weight loss
was observed compared to the control mice starting
2 days post-injection. The differences were not sta-
tistically significant (P<0.05) and the injected mice
quickly recovered. No inflammation or local reactions
were detected after the injections in mice. Additional-
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Fig. 4. Induction of IL-4 cytokine expression in groups of
mice. * Indicates a significant difference (P<0.05) between
the group receiving one dose of vaccine candidate (mR-
NA-LNP 1), the group receiving two doses (MRNA-LNP
2), and standard reagent mRNA with other groups.

Table 2. Surface expression of CD4 and CD8 molecules
percentages in mice vaccinated by mRNA-LNP of the
SARS-CoV-2 Delta and Omicron variants

Groups Day CD4 CD8 CD4/CD8
ratio

A: one-dose mMRNA-LNP 0 6.27 441 1.42

vaccine candidate 14 228 16.2 1.40

21 235 178 1.32
28 291 20 1.45
42 298 203 1.46
B: two-doses mMRNA-LNP 21 335 23 1.47
vaccine candidate 28 372 235 1.58
42 391 247 1.58

ly, no significant biochemical or hematological chang-
es were observed between the experimental groups
compared to the control group receiving PBS, and all
parameters fell within the normal range. H&E stain-
ing revealed no pathological changes in any of the ex-
amined tissues in the mMRNA-LNP- or LNP-injected
mice.

DISCUSSION

This study described the pre-clinical development
of a chimeric construct containing mRNAs encod-
ing the Delta and Omicron RBD proteins. The mR-
NA-LNP vaccine candidate elicited robust immune
responses following a two-dose immunization reg-
imen in mice. Moreover, no signs of respiratory
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Fig. 5. Body temperature changes were tested for 3 rabbits in each of the treatments with mRNA-LNP, LNP, and PBS as a
control. The highest distribution of temperature changes was recorded in the range of 38.7-38.9°C.
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Fig. 6. Level of IL-6 secreted in human mo-DCs treated with
mRNA-LNP and LNP, and stimulated with LPS in triplicate.
* indicates a statistically significant difference (P<0.05).

distress, inflammation, or weight loss were noticed
in immunized mice, highlighting the safety of the
vaccine candidate. Although the approved vaccines
based on the Wuhan strain S protein are effective for
achieving herd immunity during the first and second
waves of the COVID-19 disease (15, 16), other vac-
cine production approaches should be considered for
adequate immunization coverage due to persistent
mutations in the S gene and the emergence of nu-
merous antigenic varieties (17, 18). The Delta variant
was first detected in India on 5 October 2020 and had
spread to over 179 countries by 22 November 2021.
At that time, the Omicron variant carrying at least 15
substitutions in the RBD was detected. Co-circula-
tion of the variants, which are antigenically distinct
from the ancestral Wuhan-1, has overwhelmed the
health system by reducing reactivity to antibodies
in vaccinated individuals (19, 20). The emergence of
novel recombinant circulating Omicron sub-variants,
such as XBB, which has rapid global prevalence, has
raised doubts about the enhanced viral infectivity,
immune escape after natural infection and vaccina-
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tion, and efficacy of existing vaccines (21-23).
Studies on SARS-CoV-2 vaccines have shown
that the full-length S protein of the Wuhan ancestral
strain is less immunogenic than newly emerged vari-
ants (24-29). The set of mutations of the S protein
reduces neutralizing antibody titers against circulat-
ing variants, leading to an increase in immune es-
cape phenomena. Hence, developing new vaccines
to induce neutralizing antibodies against circulat-
ing variants is critical. It is well established that the
RBD possesses the dominant neutralizing epitopes
in the S protein. Monovalent or bivalent RBD-based
vaccines have effectively induced neutralizing anti-
bodies, reduced the production of non-neutralizing
antibodies compared to the full-length S protein, and
are effective against multiple SARS-CoV-2 variants
(30-34). Therefore, we chose the RBD of the Delta
and Omicron variants to improve humoral and cel-
lular immune response. The main challenge in the
transfection of MRNA is the negative charge of this
molecule, which limits its crossing of the immune
cell membrane passively. Therefore, different nucleic
acid delivery strategies for monocytes are of inter-
est to elicit rapid and durable protective immune re-
sponses. The positively charged cationic lipids elec-
trostatically bind the nucleic acid in an LNP-based
delivery vehicle combined with other hydrophobic
moieties, enhancing mMRNA delivery into DCs and
activating T cells and B cells (35, 36). The high level
of mRNA uptake by these antigen-presenting cells
is an acceptable interpretation for the proper induc-
tion of immune responses. Previously, we detailed
the synthesis of a safflower-originated ionizable lipid
to formulate LNPs in the chimera RBD-mRNA de-
livery (14). Here, the immunogenicity of the mRNA
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vaccine candidate was assessed. Mice immunized
with the vaccine candidate could induce high levels
of specific 1gG antibodies and a robust CD8+ T cell
response. The vaccine candidate elicited the subclass
S-binding antibodies, which suggests a balanced
Th1/Th2 immune response. Importantly, the formu-
lated MRNA-LNP vaccine was safe, and no toxicity
or significant adverse histopathological effects were
seen in mouse organs.

This study demonstrated that the mRNA vaccine
candidate can induce robust humoral immunity, CD8
T cell responses, and balanced Th1/Th2 antibody
isotype responses following a prime/boost regimen.
We suggest that the RBD chimeric construct derived
from two virus variants is an effective antigen to en-
hance immune responses against emerging SARS-
CoV-2 variants, whether used as a stand-alone vac-
cine or a booster shot.
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