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Abstract: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected billions of
individuals and is the cause of the current global coronavirus disease 2019 (COVID-19) pandemic.
We previously developed an mRNA vaccine (LVRNA009) based on the S protein of the Wuhan-
Hu-1 strain; the phases I and II clinical trials showed that LVRNA009 has a promising safety and
immunogenicity profile. In order to counteract the immune escape by SARS-CoV-2 variants of
concern, a panel of mRNA vaccines was developed based on the S proteins of the Wuhan-Hu-1,
Delta, Omicron BA.1, BA.2, and BA.5 strains, and each vaccine’s protective potency against the virus
variants was evaluated. Furthermore, to achieve excellent neutralization against SARS-CoV-2 variants,
bivalent vaccines were developed and tested against the variants. We found that the monovalent
Wuhan-Hu-1 or the Delta vaccines could induce high level of neutralization antibody and protect
animals from the infection of the SARS-CoV-2 Wuhan-Hu-1 or Delta strains, respectively. However,
serum samples from mice immunized with monovalent Delta vaccine showed relatively low virus
neutralization titers (VNTs) against the pseudotyped virus of the Omicron strains. Serum samples
from mice immunized with bivalent Delta/BA.1 vaccine had high VNTs against the pseudotyped
Wuhan-Hu-1, Delta, and BA.1 strains but low VNTs against BA.2 and BA.5 (p < 0.05). Serum samples
from mice immunized with Delta/BA.2 vaccine had high VNTs against the pseudotyped Wuhan-
Hu-1, Delta, BA.1 and BA.2 strains but low VNTs against BA.5. Finally, serum samples from mice
immunized with Delta/BA.5 vaccine had high VNTs against all the tested pseudotyped SARS-CoV-2
strains including the Wuhan-Hu-1, Delta, and Omicron variants (p > 0.05). Therefore, a bivalent
mRNA vaccine with Delta/BA.5 combination is promising to provide broad spectrum immunity
against all VOCs.

Keywords: SARS-CoV-2 variants; mRNA vaccine; spike protein; neutralizing antibody

1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and has a devastating influence on public health and
the economy globally [1,2]. Since the onset of the SARS-CoV-2 pandemic, several variants
of concern (VOCs) have emerged, including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Delta (B.1.617.2), and Omicron (B.1.1.529) [3]. Currently, the SARS-CoV-2 Omicron VOC
has replaced the previously dominant virus variants such as Delta. Omicron sub-lineages
show great immune evasions from all vaccines on the market and most of the therapeutic
drugs. The neutralization activities of the antibodies against the Omicron variants are
dramatically decreased [4,5]. The analyses of serum samples from inactivated vaccines
revealed that the neutralization antibody titers were significantly lower against Omicron
variants, which indicates increased infection risk [6].
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Multiple vaccine platforms have been applied to the rapid development of COVID-19
vaccine candidates, including inactivated vaccine, recombinant subunit vaccine, vector-
based vaccine, and messenger RNA (mRNA)-based vaccine [7–13]. Among them, the
mRNA vaccine platform has advantages as a quick pandemic-response strategy in light
of its flexibility in immunogen design and the potential for rapid and scalable manufac-
turing, mainly owing to the high yields of in vitro transcription reactions [14,15]. The
mRNA-1273 and BNT162b2 are the only two mRNA vaccines market-approved against
SARS-CoV-2 [16–19]. Both contain mRNA encoding the SARS-CoV-2 Spike (S) protein,
the viral receptor-binding domain that recognizes and binds to the receptor angiotensin-
converting enzyme 2 (ACE2) on host cells [20–25]. Investigation on Omicron escape
from neutralization by antibodies from South African individuals vaccinated with Pfizer
BNT162b2 showed a 22-fold reduction in vaccine-elicited neutralization by the Omicron
variant [26]. Decreases in neutralization titers against the Omicron variants were associated
with mutations in the spike proteins [4]. Several approaches are used to keep emerging
VOC infections under control. Although primary and booster vaccination with the mar-
keted vaccines can prevent severe COVID-19 and death, an effective vaccine against the
current dominant variants and ancestral virus is required [6,27].

Previously, we developed an mRNA vaccine (codename LVRNA009), which was qualita-
tively analyzed and clinically tested (Phase I: ChiCTR2100049349; Phase II: ChiCTR2200057782);
the quality analysis showed that the particle size of the mRNA vaccine was kept at ~65 nm,
the encapsulation efficiency was over 95%, the pH was 7.3, and the endotoxin was less than
15 EU/dose. Based on the results from clinical trials, LVRNA009 is promising in safety and
immunogenicity at doses of 25, 50, and 100 µg among Chinese adults. In this study, lipid-
nanoparticle (LNP)-encapsulated mRNA vaccines expressing the S glycoprotein against differ-
ent SARS-CoV-2 variants were developed. The immunogenicity of the optimized mRNA LNP
vaccines was evaluated. Moreover, bivalent mRNA vaccines were developed, and the effects
of the bivalent mRNA vaccines on neutralizing antibodies against the SARS-CoV-2 variants
were measured. The results suggest that the bivalent vaccine might offer a promising strategy
to manage the COVID-19 pandemic in the future.

2. Materials and Methods
2.1. Vaccine Design and Production

SARS-CoV-2 vaccines were based on the background of the S protein from Wuhan-
Hu-1(GenBank: QHD43416.1), Delta (B.1.617.2) (GenBank: UFO06326.1), Omicron BA.1
(GenBank: UOT56373.1), BA.2 (GenBank: UQJ82268.1), and BA.5 (GenBank: USI08509.1).
The vaccines were produced based on the Liverna Therapeutics platform (China patent
ZL201911042634.2). Briefly, the mRNAs were synthesized using an optimized T7 RNA
polymerase-mediated transcription reaction with complete replacement of uridine by N1-
methyl-pseudouridine in vitro. The reaction included a DNA template containing the
open reading frame flanked by 5′ UTR and 3′ UTR sequences and was terminated by
an encoded poly-A tail. In vitro transcribed (IVT) mRNAs were encapsulated in LNPs
according to a modified procedure wherein an ethanolic lipid mixture of ionizable cationic
lipid, phosphatidylcholine, cholesterol, and polyethylene glycol-lipid was rapidly mixed
with an aqueous solution containing the mRNA products. The analytical characterization of
the product was conducted, including the determination of particle size and polydispersity,
encapsulation, pH, endotoxin, and bioburden.

The morphology of the nanoparticles was analyzed using transmission electron mi-
croscopy (TEM). Briefly, approximately 5 µL of nanoseeds was dropped onto carbon-coated
400 mesh copper grids. The sample was made hydrophilic by glow discharge (EmiTech)
for 1 min at 25 mV under atmospheric conditions and then stained with 2% uranyl ac-
etate. After air-drying, the nanoparticles could be viewed, and images were captured at an
acceleration voltage of 80 kV.
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2.2. Verification of S Protein Expression
2.2.1. mRNA Transfection

The HEK293 cells were cultured with Dulbecco’s modified eagle medium (DMEM)
supplemented with penicillin/streptomycin and 10% fetal bovine serum (Gibco, Grand
Island, NY, USA). The cells were transfected with mRNA using the Lipofectamine® Mes-
sengerMAX™ Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The transfected cells were incubated at 37 ◦C with 5% CO2 for
24 h before cell harvesting.

2.2.2. Vaccine Antigen Detection by Western Blotting

After transfection, the HEK293 cells were collected and lysed. The protein samples
were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene difluoride membranes. After blocking with 5%
skimmed milk for 1 h, the membranes were incubated with anti-SARS-CoV-2 S glycoprotein
polyclonal antibody (1:1000, Abcam, Cambridge, UK) and β-actin (1:5000, Abcam, Cam-
bridge, UK) at 4 ◦C overnight. The secondary antibody HRP-conjugated goat anti-rabbit
or anti-mouse IgG (1:5000, BBI Life Sciences, Cambridge, UK) was used to incubate the
membrane for 1 h at room temperature. The immuno-stained bands were detected with
the enhanced chemiluminescence substrate (Perkin–Elmer, Waltham, MA, USA) exposed
to ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA).

2.2.3. Flow Cytometry Analysis

After transfection, the HEK293 cells were treated with 20 µg biotin-labeled ACE2
(Rxizi biological science, Wuhan, China) for 2 h. The cells were collected and stained
with streptavidin-PE (1:100, BD Biosciences, Heidelberg, Germany) to detect cell surface
biotin-labeled hACE2 binding to the vaccine antigen. The cells were acquired using a
CytoFLEX Flow Cytometer (Beckman Coulter, Indianapolis, IN, USA) and flow cytometry
data were analyzed using the FlowJo software (Tree Star, Inc., Ashland, OR, USA).

2.3. Immunogenicity Studies
2.3.1. Animal Experiments and Approvals

The BALB/c mice (female, 5–6 weeks old, average weight of 20 g) were purchased
from the Hunan SJA Laboratory Animal Co. (Changsha, China) and the Zhuhai BesTest
Bio-Tech Co., Ltd. (Zhuhai, China). Syrian hamsters (female, 4–6 weeks old, average weight
of 180 g) were purchased from the Wuhan Institute of Biological Products Co., Ltd. (Wuhan,
China). Cynomolgus monkeys (male and female, 5–8 years old, average weight of 3.9 kg)
were purchased from the HZ-Bio (Guangzhou, China).

For BALB/c mice (n = 10/group), the animals were immunized at days 0 and 14 with
a dose of 10 µg. Serum samples were collected 21 days after the first immunization to detect
the anti-SARS-CoV-2 Virus neutralization titers (VNTs). The immunization procedure was
applied for a panel of vaccines, including the monovalent vaccine against Wuhan-Hu-
1, Delta, BA.1, BA.2 or BA.5, and the bivalent vaccines against Delta/BA.1, Delta/BA.2
or Delta/BA.5.

For Syrian hamsters (n = 6/group), the animals were immunized at day 0 and 14 with
doses of 5 µg or 25 µg monovalent Delta vaccine. Serum samples were collected 20 days
after the first immunization to detect the anti-SARS-CoV-2 VNTs.

For Cynomolgus monkeys (n = 4/group), the animals were immunized at day 0 and
21 with a dose of 50 µg of monovalent Wuhan-Hu-1 or Delta vaccine. Serum samples were
collected 35 days after the first immunization to detect the anti-SARS-CoV-2 pseudotyped VNTs.
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All experimental procedures with mice, Syrian hamsters, and Cynomolgus monkeys
were conducted according to the Guide for the Care and Use of Laboratory Animals.
The mouse studies were approved by the Research Ethics Committee of the Guangzhou
Medical University (IAC202202010) and Zhuhai BesTest Bio-Tech Co., Ltd., (IAC202201003).
The Syrian hamster experiments were conducted in compliance with the Research Ethics
Committee of the Wuhan Institute of Virology (WIVA45202201). The Cynomolgus monkey
experimental protocols were approved by the Research Ethics Committee of the Guangdong
Laboratory Animals Monitoring Institute (IACUC2020101).

2.3.2. SARS-CoV-2 Plaque Reduction Neutralization Test (PRNT)

The PRNTs for SARS-CoV-2 were conducted as previously described [28]. Briefly,
serum samples were serially diluted in DMEM and mixed with an equal volume of SARS-
CoV-2 containing 80~100 PFU. Mixtures were added to Vero E6 cells in 12-well plates and
incubated for 1 h at 37◦C in 5% CO2. The supernatants were discarded and replaced with
DMEM containing 2% FBS and 1% methyl-cellulose for an additional incubation. After
4 days, the cells were fixed using 10% formaldehyde overnight and stained with 0.5%
crystal violet for 25 min. Serum dilutions with a plaque reduction of 50% (PRNT50) were
referred to as VNTs.

2.3.3. SARS-CoV-2 Pseudovirus Neutralization Assay

Lentiviral particles pseudotyped with different S proteins were produced to compare
the neutralizing activity in serum induced by mRNA vaccines against SARS-CoV-2 variants,
as previously described [29]. Briefly, the SARS-CoV-2 pseudotyped virus neutralization
test begins with serial dilutions of the serum samples, which are then mixed with a certain
amount (325~1300 TCID50/mL) of the pseudotyped virus. The mixture was added to 293T
cells and incubated for 24 h, and the amount of pseudotyped virus entering the target cells
is calculated by detecting luciferase expression to obtain the sample’s neutralizing antibody
content (VNT). Following this protocol, four samples can be detected simultaneously in a
96-well plate. The cell control (CC) with only cells and the virus control (VC) with virus and
cells are set up in each plate. When the raw data for control and samples are exported from
the luminometer, the half-maximal effective concentration (EC50) is calculated according to
the Reed–Muench method for the tested samples.

2.4. Viral Challenge Study
2.4.1. Viral Infection

For BALB/c mice (n = 4/group), two immunizations with Wuhan-Hu-1 vaccine were
performed at day 0 and 14. Mice were anesthetized with isoflurane at day 23, and then
transduced with Ad5-ACE2 (2.5 × 108 FFU/75 µL) through the nasal cavity [29]. Five days
after Ad5-ACE2 transduction, the mice were infected with SARS-CoV-2 (1.0 × 105 PFU,
Wuhan-Hu-1 strain). All mice were euthanized on day 5 after infection, and lung tissues
were collected for histopathological examination and virus titer detection.

For Syrian hamsters (n = 6/group), two immunizations were performed at day 0
and 14. At day 21, hamsters were intranasally infected with SARS-CoV-2 (Delta strain)
(1.0 × 104 PFU/100 µL) [30]. Four days after infection, the trachea and lung tissues of
Syrian hamsters were collected for histopathological examination and virus titer detection.
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2.4.2. Histopathological Examination

Lung tissues were collected and fixed in a 10% formaldehyde solution. The samples
were dehydrated through a graded ethanol series, embedded in paraffin, and cut into 4-µm
thick sections. After deparaffinization and rehydration, the sections were stained with
hematoxylin and eosin (H&E). The images were photographed under a light microscope.

2.4.3. SARS-CoV-2 Plaque Assay for Virus Titer Detection

The virus, lung, or trachea homogenized supernatants were serially diluted in DMEM.
Vero E6 cells were seeded in 12-well plates and cultured with DMEM containing 10% fetal
bovine serum (FBS) at 37◦C in 5% CO2. After removing the inocula, the plates were overlaid
with 1.2% agarose containing 4% FBS. Two days later, the overlays were removed, and the
cells were fixed. Then the plaques were observed using 0.1% crystal violet staining. Virus
titers were calculated as plaque-forming units (PFU) or focus-forming units (FFU) per gram
of tissue.

2.5. Statistical Analysis

The differences between groups were assessed by an ANOVA test using GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA), with indicated significance at
p ≤ 0.05 (* p≤ 0.05; ** p≤ 0.005; *** p≤ 0.0005; ****p≤ 0.0001). All results were expressed as
means ± standard errors of the mean (SEM) and were corrected for multiple comparisons.

3. Results
3.1. Design and Expression of the mRNA Vaccines against Different SARS-CoV-2 Variants

The S protein, the main target for neutralization antibodies, plays a key role in regu-
lating viral attachment and membrane fusion [20]. The S2P mutation (K986P and V987P)
was reported to be a key for stabilizing S protein in prefusion conformation and enhance
immunogenicity [30]. Various research groups have applied the S2P mutations to their
S protein-based antigen design [31]. Our Wuhan-Hu-1 vaccine was developed without
S2P in January 2020, when the benefit of S2P mutation was unclear. In the current study, a
panel of mRNA constructs encoding the nucleotide sequence-optimized full-length S pro-
tein of SARS-CoV-2 variants was developed into mRNA vaccines, along with the original
Wuhan-Hu-1 vaccine. As shown in Figure 1A, compared with the Wuhan-Hu-1 construct
(which is wild type encoding the same amino acid sequences as that of the S protein in
the SARS-CoV-2 reference strain), the Delta, Omicron BA.1, BA.2, and BA.5 constructs
incorporated mutation and/or deletion of amino acids, respectively. Western blotting
revealed that the Wuhan-Hu-1, Delta, BA.1, BA.2, and BA.5 constructs induced the expres-
sion of the S and S1 proteins (Figure 1B), reflecting the full-length and cleaved S proteins,
respectively. Moreover, flow cytometry analysis demonstrated that binding of hACE2, the
cell receptor of SARS-CoV-2 [20], was high in all vaccine sample groups (Figure 1C). In
addition, compared with the Wuhan-Hu-1 construct, all the Delta, BA.1, BA.2, and BA.5
constructs had increasing ability in hACE2 binding (Figure 1C), suggesting that the mutated
S protein could have more effect on the binding capacity of hACE2. The mRNAs with
the sequences encoding S protein were encapsulated into LNPs to obtain mRNA vaccine
candidates against the Wuhan-Hu-1, Delta, BA.1, BA.2, and BA.5 strains. The LNPs were
observed using TEM, and the results showed that the spherical nanoparticles exhibited
a uniform size distribution (Figure 1D). Therefore, the mRNA-LNP vaccine has a stable
particle structure and meets the delivery conditions of mRNA vaccines.



Vaccines 2022, 10, 1807 6 of 13
Vaccines 2022, 10, x FOR PEER REVIEW  6  of  15 
 

 

 

Figure 1. Design and characterization of the mRNA vaccines against different SARS‐CoV‐2 variants. 

(A) Schematic diagram of the target spike (S) protein‐antigen encoded by mRNA vaccines against 

 

Figure 1. Design and characterization of the mRNA vaccines against different SARS-CoV-2 variants.
(A) Schematic diagram of the target spike (S) protein-antigen encoded by mRNA vaccines against the
Wuhan-Hu-1, Delta, Omicron BA.1, BA.2, and BA.5 variants. The mutation and/or deletion of amino
acids are labeled. NTD, N-terminal domain. RBD, receptor-binding domain. FP, fusion peptide.
HR1, heptad repeat 1. CH, central helix. (B) The expression of the S and S1 proteins in HEK293 cells
transfected with IVT mRNA was detected by western blotting. (C) HEK293 cells were transfected with
IVT mRNA, and hACE2-binding cells were analyzed by flow cytometry. (D) Spherical nanoparticles
were visualized under a transmission electron microscope. Scale bar, 50 nm.

3.2. Monovalent Wuhan-Hu-1 and Delta Vaccines Exerted Potent Protection against
Corresponding SARS-CoV-2 Strain Challenges

The Ad5-hACE2 mice were immunized twice, on days 0 and 14, using an intramus-
cular administration of low-dose (5 µg) or high-dose (15 µg) of monovalent Wuhan-Hu-1
strain vaccine, while the negative control group was injected intramuscularly with saline
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(Figure 2A). On day 21, the VNTs of sera from the monovalent Wuhan-Hu-1 strain vaccine-
immunized mice were higher than that of sera from the negative controls (Figure 2B). On
day 28 (14 days after the second immunization), the Ad5-hACE2 mice were challenged
with 1.0 × 105 PFU of SARS-CoV-2 Wuhan-Hu-1 strain. Plaque assay showed that there
was a significant decrease of FFU in lung tissues from the Ad5-hACE2 mice in the low- and
high-dose groups in comparison with the negative group (Figure 2C). In addition, severe
histopathological changes in lung tissues of the negative control group were observed,
while the histopathological changes were much attenuated by the Wuhan-Hu-1 vaccine in
all vaccine immunization groups (Figure 2D). These findings suggest that the Wuhan-Hu-1
vaccine promoted inhibition of viral replication in the Ad5-hACE2 mice.
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Figure 2. The Wuhan-Hu-1 and Delta vaccines exerted robust protection against SARS-CoV-2.
(A) Experimental strategy. (B) Ad5-hACE2 mice (Wuhan-Hu-1; left panel) or Syrian hamsters (delta;
right panel) were immunized twice with low-dose (5 µg/dose) or high-dose (15 or 25 µg/dose) of Wuhan-
Hu-1 or Delta vaccine on day 0 and 14. The neutralizing antibody titers against SARS-CoV-2 in animals
were tested by PRNT. Ad5-hACE2 mice, n = 4. Syrian hamsters, n = 6. *** p < 0.001 (C) Ad5-hACE2 mice
or Syrian hamsters in the low- and high-dose groups were challenged with SARS-CoV-2 Wuhan-Hu-1 or
Delta. The viral load was analyzed and expressed as FFU per gram of tissue in the lung (Ad5-hACE2 mice;
at 4 dpi; left panel) or both lungs and trachea (Syrian hamsters; at 5 dpi; right panel). LOD, Low-limit of
Detection. Ad5-hACE2 mice, n = 4. Syrian hamsters, n = 6. * p < 0.05, *** p < 0.001 (D) H&E staining was
used to examine the histopathological changes in lung tissues in Ad5-hACE2 mice (Wuhan-Hu-1; at 4 dpi;
left panel) or Syrian hamsters (Delta; at 5 dpi; right panel). Scale bar, 100 µm.
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To further confirm the protective efficacy of our vaccines, we used a separate animal
model. Syrian hamsters were immunized on days 0 and 14 using an intramuscular ad-
ministration of low-dose (5 µg) or high-dose (25 µg) of the Delta vaccine, the negative
control group was injected with saline (Figure 2A). On day 20, the VNTs of sera from the
Delta vaccine-immunized Syrian hamsters were detected to be much higher than from
the negative controls (Figure 2B). On day 21 (7 days after the second immunization), the
Syrian hamsters were challenged with 1.0 × 104 PFU of B.1.617.2 (Delta variant). Four days
later, plaque assay revealed that lower virus titers were detected in the trachea and lung
tissues from immunized Syrian hamsters, compared with the samples from the control
group (p < 0.0005). Similar to observations from the Ad5-hACE2 mice immunized with
the monovalent Wuhan-Hu-1 vaccine (Figure 2C), the Syrian hamsters showed a milder
degree of lung damage, in all vaccine immunization groups (Figure 2D). These results
demonstrated that the Wuhan-Hu-1 or Delta strain vaccines conferred highly efficient
protection against SARS-CoV-2 in Ad5-hACE2 mice and Syrian hamsters and the protection
potency is dose-dependent.

3.3. Profile of Neutralizing Antibodies Produced by Monovalent mRNA Vaccines in
Cynomolgus Monkeys

Cynomolgus monkeys were intramuscularly vaccinated on days 0 and 21 with a
single dose of 50 µg (Figure 3A). Comparable studies were conducted on two monovalent
vaccines against the Wuhan-Hu-1 strain or the Delta strain. Serum samples were collected
on day 35 (14 days after the second immunization) and their pseudotyped VNTs against
the SARS-CoV-2 Wuhan-Hu-1, Alpha, Beta, Gamma, Delta, and Omicron variants (BA.1,
BA.2, BA.2.12.1, and BA.4&BA.5) were detected (Figure 3A). In the case of the Wuhan-
Hu-1 vaccinated serum samples, high VNTs were detected against the Wuhan-Hu-1 and
Delta pseudoviruses; there was a slightly reduction in VNTs against the Beta, Gamma
pseudoviruses, but significant reduction in VNTs against all the Omicron pseudoviruses
(p < 0.001) (Figure 3A). For serum samples from the Delta vaccinated animals, a significant
reduction in VNTs against all the Omicron pseudoviruses (p < 0.001) was also observed
(Figure 3A). These findings indicated that the monovalent vaccine against the Wuhan-
Hu-1 or the Delta strain may not provide satisfactory protection from the infection of
Omicron variants.
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Figure 3. Profile of neutralizing antibodies produced by monovalent mRNA vaccines against SARS-
CoV-2 variants in mice and Cynomolgus monkeys. (A) Cynomolgus monkeys were immunized twice
with monovalent vaccines against Wuhan-Hu-1 strain, Delta strain or PBS on days 0 and 21. The
VNTs were measured using a pseudovirus neutralization assay 35 days after the first immunization;
n = 10. * p < 0.05; **** p < 0.0001; ns, no significance. (B) BALB/c mice were immunized twice with
monovalent vaccines against Wuhan-Hu-1, Delta, Omicron BA.1, BA.2, BA.5 strain or PBS on days 0
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immunization; n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, no significance.

3.4. Profile of Neutralizing Antibodies Produced by Monovalent mRNA Vaccines in Mice

Mice were intramuscularly immunized twice on days 0 and 14. Serum samples were
collected on day 21 (7 days after the second immunization) and their pseudotyped VNTs
against the SARS-CoV-2 Wuhan-Hu-1, Delta, and Omicron variants (BA.1, BA.2, and
BA.4&BA.5) were detected (Figure 3B). Similar to the results of the monkey studies, the
monovalent Wuhan-Hu-1 and Delta vaccines showed relatively high responses against
the pseudotyped Wuhan-Hu-1 and the Delta strain but low responses against all of the
tested Omicron strains. On the other hand, the monovalent BA.1 vaccine can only induce
elevated VNTs against the pseudotyped BA.1, while the monovalent vaccines of BA.2
or BA.5 could induce relatively high level of neutralizing activity against all the tested
pseudotyped Omicron strains. These results indicate that antigenic differences between
early-stage SARS-CoV-2 strains and the Omicron variants are significant, it is difficult to
build up broad spectrum immunity by any monovalent vaccine.

3.5. Bivalent Vaccines Produced High Level Neutralizing Antibodies against All SARS-CoV-2 Variants

Based on the studies of monovalent vaccines, we attempted to develop bivalent
vaccines to have better coverage against multiple strains. Follow the same immunization
procedure as described for mice, serum samples of the bivalent vaccines (Delta/BA.1,
Delta/BA.2, and Delta/BA.5) were evaluated against the pseudotyped SARS-CoV-2 Wuhan-
Hu-1, Delta, BA.1, BA.2, and BA.4&BA.5 strains (Figure 4). The results demonstrated that
serum samples from mice immunized with two doses of the Delta/BA.1 vaccine had
high VNTs against the pseudotyped Wuhan-Hu-1, Delta, and BA.1 strain, but low VNTs
against BA.2 and BA.5 (p < 0.05). The serum samples from mice immunized with the
Delta/BA.2 vaccine had high VNTs against the pseudotyped Wuhan-Hu-1, Delta, BA.1
and BA.2 strains, but relatively low VNTs against BA.5. Interestingly, the serum samples
from mice immunized with the Delta/BA.5 vaccine had high VNTs against all the tested
pseudotyped SARS-CoV-2 strains (p > 0.05) (Figure 4). These results indicate that, although
bivalent vaccines have differential cross-protective effects against SARS-CoV-2 variants,
they demonstrated broader spectrum of immunogenicity. Our data further suggest that
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the combination of Delta and BA.5 antigens could be an ideal candidate for broadband
COVID-19 vaccine development.
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assay on day 21; n = 3. * p < 0.05; ** p < 0.01; ns, no significance.

4. Discussion

To cope with the global pandemic caused by SARS-CoV-2 variants, an effective and
broad-spectrum vaccine is urgently needed. In our study, five gene sequences encoding
the full-length S proteins of SARS-CoV-2 strains were designed and developed into mRNA
vaccines for SARS-CoV-2 mutants (Wuhan-Hu-1, Delta, BA.1, BA.2, and BA.5). Mono-
valent Wuhan-Hu-1 and Delta vaccines showed potent protection against corresponding
SARS-CoV-2 strain challenges in Ad5-hACE2 mice and Syrian hamsters. The immuno-
genicity potency of the Wuhan-Hu-1 and Delta vaccines was also confirmed by studies
with Cynomolgus monkeys, which showed that the mRNA vaccines induced high titers of
neutralization antibody against the Wuhan-Hu-1 and Delta strains, but not the Omicron
variants. Similar immunogenicity profiles were also observed in studies with mice: Wuhan-
Hu-1 or Delta vaccines did not induce high VNTs against Omicron pseudoviruses; BA.1
vaccine only increased VNTs against pseudotyped BA.1; BA.2 or BA.5 vaccine promoted
high VNTs against BA.1, BA.2, BA.5, but not against Wuhan-Hu-1 and Delta in mice.

In search of vaccines with broad-spectrum neutralizing activity against a variety of
VOCs, we attempted three combinations of monovalent vaccines (Delta/BA.1, Delta/BA.2,
and Delta/BA.5) after screening a series of monovalent candidates. When comparing the
in vivo immunogenicity of these combinations in BALB/c mice, we found that all three
bivalent vaccines could produce neutralizing antibodies against a variety of pseudoviruses,
but different combinations had differential immunogenicity profiles. The results showed
that the Delta/BA.5 combination could be the most promising bivalent vaccine candidate
as it demonstrated broadband and high level of neutralizing antibody activities against all
five tested pseudotyped viruses including the Wuhan-hu-1, Delta, and Omicron variants.
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Recently, Moderna developed a bivalent omicron-containing vaccine mRNA-1273.214
(ancestral + BA.1 VOC) that promotes neutralizing antibody responses against omicron [32];
Pfizer/BioNTech also reported development of bivalent mRNA COVID-19 booster vaccine
(ancestral + BA.4/5 VOC) that increases vaccine effectiveness against omicron and elicits
the body’s immune response to new emerging variants [33,34]. In comparison, our bivalent
vaccine contains Delta and Omicron BA.4/5 variants of SARS-CoV-2. Although pending on
clinical validation, our unpublished data indicate that the Delta vaccine has better coverage
to VOCs containing D614G mutation than the Wuhan-Hu-1 vaccine. Given the fact that the
wildtype Wuhan-Hu-1 strain is no longer prevailing, the combination of Delta and BA.5
should have advantages over Moderna and Pfizer/BioNTech’s approved bivalent vaccines
in term of meaningful coverage spectrum.

As a main surface glycoprotein of SARS-CoV-2, the trimeric S protein is ideal for
vaccine designation [35–38]. Our in vitro studies showed that the S proteins expressed by
the mRNA constructs of the BA.1, BA.2, and BA.5 variants had stronger binding ability
to hACE2 than those of the Wuhan-Hu-1 and Delta variants, which is consistent with
reports of increasing infectivity of Omicron variants. At present, the development of
broad-spectrum COVID-19 vaccines is focused on strain antigen combination (such as
bivalent protein vaccines) or generating new recombinant protein through AI technology
targeting the structure of the viral S protein [39]. Some research groups use S protein gene
sequence of a certain mutant as the backbone and add immune escape related mutation
sites (D614G/L452R/E484A/F486V) to design chimeric mRNA vaccines [3,40]. Up to now,
there is no report of a successful development of broad-spectrum recombinant protein
based COVID-19 vaccine.

The level of neutralizing antibodies in peripheral blood after vaccination is believed
to be a key indicator for evaluating the effectiveness of COVID-19 vaccines [41,42]. In our
viral challenge studies with Ad5-hACE2 mice and Syrian hamsters, monovalent vaccines
produced high VNTs against the target strains, the animals were well protected from viral
infection as indicated by improvement in lung pathology and significant decrease of viral
load in lung tissues. The degree of protection was vaccine dose-dependent and highly
correlated with levels of serum VNTs. The monovalent Wuhan-Hu-1 vaccine (LVRNA009)
was also tested in clinical studies and showed promising safety and immunogenicity profile.
As the bivalent Delta/BA.5 vaccine is based on the same technical platform as LVRNA009,
its further development shall be constructive and important; we look forward to more
clinical data to confirm the preclinical findings presented in this study.

5. Conclusions

As SARS-CoV-2 variation causes great immune escape from the first generation of vac-
cines based on the original Wuhan-Hu-1 strain, a practical strategy is needed for broadband
vaccine development. We designed a series of mRNA vaccines based on the full-length S
protein of SARS-CoV-2 variants, either monovalent or bivalent. Efficacy studies showed that
the monovalent vaccines could well protect animals from challenges by corresponding viral
strains. Pseudoviral neutralization assay demonstrated that monovalent vaccine generated
antibodies have limited immunogenicity profile against the VOCs; none of the monovalent
vaccines could produce satisfactory neutralization antibodies against all VOCs. However,
bivalent vaccines demonstrated a much better spectrum, among which the Delta/BA.5
combination is most promising, as it produced high VNTs against all tested VOCs.

Author Contributions: Y.P., J.L. (Jianglong Li), Q.L. and J.L. (Jun Liu) designed the experiments. J.L.
(Jianglong Li) and Q.L. analyzed the data. J.L. (Jianglong Li) and Y.P. wrote the manuscript. Q.L.,
J.L. (Jun Liu), L.L., S.L., Y.L., Z.L., Z.F., J.J. and R.X. performed the experiments. Y.P. proofed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received financial support from Emergency Key Program of Guangzhou
Laboratory, Grant No. EKPG21-25; and the Emergency Project for Prevention and Control of SARS-
CoV-2, Guangdong Ministry of Science and Technology, Grant No. 2020A1111340001.



Vaccines 2022, 10, 1807 12 of 13

Institutional Review Board Statement: This study was conducted in accordance with the Guide for
the Care and Use of Laboratory Animals. The mouse studies were approved by the Research Ethics
Committee of the Guangzhou Medical University (IAC202202010) and Zhuhai BesTest Bio-Tech
Co., Ltd., (IAC202201003). The Syrian hamster experiments were conducted in compliance with the
Research Ethics Committee of the Wuhan Institute of Virology (WIVA45202201). The Cynomolgus
monkey experimental protocols were approved by the Research Ethics Committee of the Guangdong
Laboratory Animals Monitoring Institute (IACUC2020101).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the staff and management team of Liverna Therapeutics Inc for hard
work and contribution. We also thank Jincun Zhao and Jing Sun of Guangzhou Medical University
for assistance in the mouse viral challenge study, Huajun Zhang of Wuhan Institute of Virology for
assistance in the hamster viral challenge study, and Yu Zhang of Guangdong Laboratory Animals
Monitoring Institute for assistance in the Cynomolgus monkey immunogenicity study.

Conflicts of Interest: The authors declare no competing interests.

References
1. Acter, T.; Uddin, N.; Das, J.; Akhter, A.; Choudhury, T.R.; Kim, S. Evolution of severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) as coronavirus disease 2019 (COVID-19) pandemic: A global health emergency. Sci. Total Environ. 2020, 730, 138996.
[CrossRef] [PubMed]

2. Helmy, Y.A.; Fawzy, M.; Elaswad, A.; Sobieh, A.; Kenney, S.P.; Shehata, A.A. The COVID-19 Pandemic: A Comprehensive Review
of Taxonomy, Genetics, Epidemiology, Diagnosis, Treatment, and Control. J. Clin. Med. 2020, 9, 1225. [CrossRef] [PubMed]

3. He, X.; Hong, W.; Pan, X.; Lu, G.; Wei, X. SARS-CoV-2 Omicron variant: Characteristics and prevention. MedComm 2021,
2, 838–845. [CrossRef] [PubMed]

4. Cao, Y.; Yisimayi, A.; Jian, F.; Song, W.; Xiao, T.; Wang, L.; Du, S.; Wang, J.; Li, Q.; Chen, X.; et al. BA.2.12.1, BA.4 and BA.5 escape
antibodies elicited by Omicron infection. Nature 2022, 608, 593–602. [CrossRef] [PubMed]

5. Uraki, R.; Kiso, M.; Iida, S.; Imai, M.; Takashita, E.; Kuroda, M.; Halfmann, P.J.; Loeber, S.; Maemura, T.; Yamayoshi, S.; et al.
Characterization and antiviral susceptibility of SARS-CoV-2 Omicron BA.2. Nature 2022, 607, 119–127. [CrossRef]

6. Zhao, X.; Zhang, R.; Qiao, S.; Wang, X.; Zhang, W.; Ruan, W.; Dai, L.; Han, P.; Gao, G.F. Omicron SARS-CoV-2 Neutralization from
Inactivated and ZF2001 Vaccines. N. Engl. J. Med. 2022, 387, 277–280. [CrossRef]

7. Aleem, A.; Akbar Samad, A.B.; Slenker, A.K. Emerging Variants of SARS-CoV-2 and Novel Therapeutics against Coronavirus (COVID-19);
StatPearls: Treasure Island, FL, USA, 2022.

8. Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.; Chappell, J.D.; Denison,
M.R.; Stevens, L.J.; et al. An mRNA Vaccine against SARS-CoV-2—Preliminary Report. N. Engl. J. Med. 2020, 383, 1920–1931.
[CrossRef]

9. Keech, C.; Albert, G.; Cho, I.; Robertson, A.; Reed, P.; Neal, S.; Plested, J.S.; Zhu, M.; Cloney-Clark, S.; Zhou, H.; et al. Phase 1-2
Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle Vaccine. N. Engl. J. Med. 2020, 383, 2320–2332. [CrossRef]

10. Walsh, E.E.; Frenck, R.W., Jr.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.; Bailey,
R.; et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439–2450.
[CrossRef]

11. Zhang, Y.; Zeng, G.; Pan, H.; Li, C.; Hu, Y.; Chu, K.; Han, W.; Chen, Z.; Tang, R.; Yin, W.; et al. Safety, tolerability, and
immunogenicity of an inactivated SARS-CoV-2 vaccine in healthy adults aged 18-59 years: A randomised, double-blind, placebo-
controlled, phase 1/2 clinical trial. Lancet Infect. Dis. 2021, 21, 181–192. [CrossRef]

12. Zhu, F.C.; Guan, X.H.; Li, Y.H.; Huang, J.Y.; Jiang, T.; Hou, L.H.; Li, J.X.; Yang, B.F.; Wang, L.; Wang, W.J.; et al. Immunogenicity and
safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy adults aged 18 years or older: A randomised,
double-blind, placebo-controlled, phase 2 trial. Lancet 2020, 396, 479–488. [CrossRef]

13. Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat,
Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four
randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [CrossRef]

14. Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018,
17, 261–279. [CrossRef]

15. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef]

16. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.; Zerbini,
C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2020.138996
http://www.ncbi.nlm.nih.gov/pubmed/32371230
http://doi.org/10.3390/jcm9041225
http://www.ncbi.nlm.nih.gov/pubmed/32344679
http://doi.org/10.1002/mco2.110
http://www.ncbi.nlm.nih.gov/pubmed/34957469
http://doi.org/10.1038/s41586-022-04980-y
http://www.ncbi.nlm.nih.gov/pubmed/35714668
http://doi.org/10.1038/s41586-022-04856-1
http://doi.org/10.1056/NEJMc2206900
http://doi.org/10.1056/NEJMoa2022483
http://doi.org/10.1056/NEJMoa2026920
http://doi.org/10.1056/NEJMoa2027906
http://doi.org/10.1016/S1473-3099(20)30843-4
http://doi.org/10.1016/S0140-6736(20)31605-6
http://doi.org/10.1016/S0140-6736(20)32661-1
http://doi.org/10.1038/nrd.2017.243
http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1056/NEJMoa2034577


Vaccines 2022, 10, 1807 13 of 13

17. Anderson, E.J.; Rouphael, N.G.; Widge, A.T.; Jackson, L.A.; Roberts, P.C.; Makhene, M.; Chappell, J.D.; Denison, M.R.; Stevens,
L.J.; Pruijssers, A.J.; et al. Safety and Immunogenicity of SARS-CoV-2 mRNA-1273 Vaccine in Older Adults. N. Engl. J. Med. 2020,
383, 2427–2438. [CrossRef]

18. Corbett, K.S.; Edwards, D.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.; Schafer, A.; Ziwawo,
C.T.; DiPiazza, A.T.; et al. SARS-CoV-2 mRNA Vaccine Development Enabled by Prototype Pathogen Preparedness. bioRxiv 2020.
[CrossRef]

19. Mulligan, M.J.; Lyke, K.E.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Raabe, V.; Bailey, R.; Swanson, K.A.; et al.
Publisher Correction: Phase I/II study of COVID-19 RNA vaccine BNT162b1 in adults. Nature 2021, 590, E26. [CrossRef]

20. Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; et al. Characterization of spike glycoprotein of
SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [CrossRef]

21. Belouzard, S.; Millet, J.K.; Licitra, B.N.; Whittaker, G.R. Mechanisms of coronavirus cell entry mediated by the viral spike protein.
Viruses 2012, 4, 1011–1033. [CrossRef]

22. Callaway, E. The race for coronavirus vaccines: A graphical guide. Nature 2020, 580, 576–577. [CrossRef] [PubMed]
23. Zhu, F.C.; Li, Y.H.; Guan, X.H.; Hou, L.H.; Wang, W.J.; Li, J.X.; Wu, S.P.; Wang, B.S.; Wang, Z.; Wang, L.; et al. Safety, tolerability, and

immunogenicity of a recombinant adenovirus type-5 vectored COVID-19 vaccine: A dose-escalation, open-label, non-randomised,
first-in-human trial. Lancet 2020, 395, 1845–1854. [CrossRef]

24. Smith, T.R.F.; Patel, A.; Ramos, S.; Elwood, D.; Zhu, X.; Yan, J.; Gary, E.N.; Walker, S.N.; Schultheis, K.; Purwar, M.; et al.
Immunogenicity of a DNA vaccine candidate for COVID-19. Nat. Commun. 2020, 11, 2601. [CrossRef] [PubMed]

25. Wack, S.; Patton, T.; Ferris, L.K. COVID-19 vaccine safety and efficacy in patients with immune-mediated inflammatory disease:
Review of available evidence. J. Am. Acad. Dermatol. 2021, 85, 1274–1284. [CrossRef] [PubMed]

26. Cele, S.; Jackson, L.; Khoury, D.S.; Khan, K.; Moyo-Gwete, T.; Tegally, H.; San, J.E.; Cromer, D.; Scheepers, C.; Amoako, D.G.; et al.
Omicron extensively but incompletely escapes Pfizer BNT162b2 neutralization. Nature 2022, 602, 654–656. [CrossRef] [PubMed]

27. Wang, Q.; Guo, Y.; Iketani, S.; Nair, M.S.; Li, Z.; Mohri, H.; Wang, M.; Yu, J.; Bowen, A.D.; Chang, J.Y.; et al. Antibody evasion by
SARS-CoV-2 Omicron subvariants BA.2.12.1, BA.4 and BA.5. Nature 2022, 608, 603–608. [CrossRef]

28. Sun, J.; Zhuang, Z.; Zheng, J.; Li, K.; Wong, R.L.; Liu, D.; Huang, J.; He, J.; Zhu, A.; Zhao, J.; et al. Generation of a Broadly Useful
Model for COVID-19 Pathogenesis, Vaccination, and Treatment. Cell 2020, 182, 734–743.e5. [CrossRef]

29. Wang, Z.J.; Zhang, H.J.; Lu, J.; Xu, K.W.; Peng, C.; Guo, J.; Gao, X.X.; Wan, X.; Wang, W.H.; Shan, C.; et al. Low toxicity and high
immunogenicity of an inactivated vaccine candidate against COVID-19 in different animal models. Emerg. Microbes Infect. 2020,
9, 2606–2618. [CrossRef]

30. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef]

31. Sanders, R.W.; Moore, J.P. Virus vaccines: Proteins prefer prolines. Cell Host Microbe 2021, 29, 327–333. [CrossRef]
32. Chalkias, S.; Harper, C.; Vrbicky, K.; Walsh, S.R.; Essink, B.; Brosz, A.; McGhee, N.; Tomassini, J.E.; Chen, X.; Chang, Y.; et al. A

Bivalent Omicron-Containing Booster Vaccine against Covid-19. N. Engl. J. Med. 2022, 387, 1279–1291. [CrossRef]
33. Goyal, L.; Zapata, M.; Ajmera, K.; Chaurasia, P.; Pandit, R.; Pandit, T. A Hitchhiker’s Guide to Worldwide COVID-19 Vaccinations:

A Detailed Review of Monovalent and Bivalent Vaccine Schedules, COVID-19 Vaccine Side Effects, and Effectiveness Against
Omicron and Delta Variants. Cureus 2022, 14, e29837. [CrossRef]

34. COVID-19 update: Bivalent Pfizer and Moderna COVID-19 vaccines for booster immunization. Med. Lett. Drugs Ther. 2022,
64, 159–160.

35. Ju, B.; Zhang, Q.; Ge, J.; Wang, R.; Sun, J.; Ge, X.; Yu, J.; Shan, S.; Zhou, B.; Song, S.; et al. Human neutralizing antibodies elicited
by SARS-CoV-2 infection. Nature 2020, 584, 115–119. [CrossRef]

36. Amanat, F.; Krammer, F. SARS-CoV-2 Vaccines: Status Report. Immunity 2020, 52, 583–589. [CrossRef]
37. Wang, F.; Kream, R.M.; Stefano, G.B. An Evidence Based Perspective on mRNA-SARS-CoV-2 Vaccine Development. Med. Sci.

Monitor Int. Med. J. Exper. Clin. Res. 2020, 26, e924700. [CrossRef]
38. Mukherjee, R. Global efforts on vaccines for COVID-19: Since, sooner or later, we all will catch the coronavirus. J. Biosci. 2020,

45, 1–10. [CrossRef]
39. He, C.; Yang, J.; He, X.; Hong, W.; Lei, H.; Chen, Z.; Shen, G.; Yang, L.; Li, J.; Wang, Z.; et al. A bivalent recombinant vaccine

targeting the S1 protein induces neutralizing antibodies against both SARS-CoV-2 variants and wild-type of the virus. MedComm
2021, 2, 430–441. [CrossRef]

40. Ren, S.Y.; Wang, W.B.; Gao, R.D.; Zhou, A.M. Omicron variant (B.1.1.529) of SARS-CoV-2: Mutation, infectivity, transmission, and
vaccine resistance. World J. Clin. Cases 2022, 10, 1–11. [CrossRef]

41. Tortorici, M.A.; Veesler, D. Structural insights into coronavirus entry. Adv. Virus Res. 2019, 105, 93–116. [CrossRef]
42. Khoury, D.S.; Cromer, D.; Reynaldi, A.; Schlub, T.E.; Wheatley, A.K.; Juno, J.A.; Subbarao, K.; Kent, S.J.; Triccas, J.A.; Davenport,

M.P. Neutralizing antibody levels are highly predictive of immune protection from symptomatic SARS-CoV-2 infection. Nat. Med.
2021, 27, 1205–1211. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa2028436
http://doi.org/10.1101/2020.06.11.145920
http://doi.org/10.1038/s41586-020-03098-3
http://doi.org/10.1038/s41467-020-15562-9
http://doi.org/10.3390/v4061011
http://doi.org/10.1038/d41586-020-01221-y
http://www.ncbi.nlm.nih.gov/pubmed/32346146
http://doi.org/10.1016/S0140-6736(20)31208-3
http://doi.org/10.1038/s41467-020-16505-0
http://www.ncbi.nlm.nih.gov/pubmed/32433465
http://doi.org/10.1016/j.jaad.2021.07.054
http://www.ncbi.nlm.nih.gov/pubmed/34363909
http://doi.org/10.1038/s41586-021-04387-1
http://www.ncbi.nlm.nih.gov/pubmed/35016196
http://doi.org/10.1038/s41586-022-05053-w
http://doi.org/10.1016/j.cell.2020.06.010
http://doi.org/10.1080/22221751.2020.1852059
http://doi.org/10.1126/science.abb2507
http://doi.org/10.1016/j.chom.2021.02.002
http://doi.org/10.1056/NEJMoa2208343
http://doi.org/10.7759/cureus.29837
http://doi.org/10.1038/s41586-020-2380-z
http://doi.org/10.1016/j.immuni.2020.03.007
http://doi.org/10.12659/MSM.924700
http://doi.org/10.1007/s12038-020-00040-7
http://doi.org/10.1002/mco2.72
http://doi.org/10.12998/wjcc.v10.i1.1
http://doi.org/10.1016/bs.aivir.2019.08.002
http://doi.org/10.1038/s41591-021-01377-8
http://www.ncbi.nlm.nih.gov/pubmed/34002089

	Introduction 
	Materials and Methods 
	Vaccine Design and Production 
	Verification of S Protein Expression 
	mRNA Transfection 
	Vaccine Antigen Detection by Western Blotting 
	Flow Cytometry Analysis 

	Immunogenicity Studies 
	Animal Experiments and Approvals 
	SARS-CoV-2 Plaque Reduction Neutralization Test (PRNT) 
	SARS-CoV-2 Pseudovirus Neutralization Assay 

	Viral Challenge Study 
	Viral Infection 
	Histopathological Examination 
	SARS-CoV-2 Plaque Assay for Virus Titer Detection 

	Statistical Analysis 

	Results 
	Design and Expression of the mRNA Vaccines against Different SARS-CoV-2 Variants 
	Monovalent Wuhan-Hu-1 and Delta Vaccines Exerted Potent Protection against Corresponding SARS-CoV-2 Strain Challenges 
	Profile of Neutralizing Antibodies Produced by Monovalent mRNA Vaccines in Cynomolgus Monkeys 
	Profile of Neutralizing Antibodies Produced by Monovalent mRNA Vaccines in Mice 
	Bivalent Vaccines Produced High Level Neutralizing Antibodies against All SARS-CoV-2 Variants 

	Discussion 
	Conclusions 
	References

