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Abstract

Background Sequential infections with SARS-CoV-2 variants such as Alpha, Delta, Omicron and its sublineages may
cause high morbidity, so it is necessary to develop vaccines that can protect against both wild-type (WT) virus and its
variants. Mutations in SARS-CoV-2's spike protein can easily alter viral transmission and vaccination effectiveness.

Methods In this study, we designed full-length spike mRNAs for WT, Alpha, Delta, and BA.5 variants and integrated
each into monovalent or bivalent mRNA-lipid nanoparticle vaccines. A pseudovirus neutralization assay was con-
ducted on immunized mouse sera in order to examine the neutralizing potential of each vaccine.

Results Monovalent mRNA vaccines were only effective against the same type of virus. Interestingly, monovalent
BA.5 vaccination could neutralize BF.7 and BQ.1.1. Moreover, WT, Alpha, Delta, BA.5, and BF.7 pseudoviruses were
broadly neutralized by bivalent mRNA vaccinations, such as BA.5 +WT, BA.5 + Alpha, and BA.5 + Delta. In particular,
BA.5 +WT exhibited high neutralization against most variants of concern (VOCs) in a pseudovirus neutralization assay.

Conclusions Our results show that combining two mRNA sequences may be an effective way to develop a broadly
protective SARS-CoV-2 vaccine against a wide range of variant types. Importantly, we provide the optimal combina-
tion regimen and propose a strategy that may prove useful in combating future VOCs.
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Background

Throughout the COVID-19 pandemic, researchers in
academic laboratories and pharmaceutical companies
around the world have worked tirelessly to resolve the
devastating situation. Only a few months after the release
of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) sequence, the first COVID-19 vaccines
entered the clinical trial phase [1]. These vaccines were
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deemed a great success, as infection and mortality rates
were greatly reduced with their deployment [2, 3]. In
spite of this progress, there is still no fully effective vac-
cine or cure for the virus that has been produced. In fact,
one individual who received two doses of COVID-19 vac-
cines even contracted an infection that warranted fur-
ther booster shots [4]. Due to its inevitable evolution, the
SARS-CoV-2 sequence continues to cause unprecedented
health problems around the world. Most mutations arise
with little consequence and do not significantly affect
the efficacy of current vaccines. However, a few variants
carry immune-escape mutations, which reduce the effi-
cacy of existing vaccines [5].

Mutations in the spike (S) protein may confer advan-
tages to the virus in terms of increased transmissibility
potential and immune evasion. As such, several variants
with S protein mutations were designated as VOCs in
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late 2020, and these variants have largely been respon-
sible for most epidemic waves around the world. The
major VOCs are Alpha, Beta, Delta, and Omicron [6, 7],
and for each of these strains, mutations in the S protein
have allowed the virus to escape neutralizing antibody
responses and infect vaccinated individuals [8]. Existing
COVID-19 vaccines mainly target the S protein sequence
of WT SARS-CoV-2 because it is reasonably well con-
served and a major target for neutralizing antibodies [5].
However, Omicron BA.1 carries many mutations in its S
protein, so it can successfully escape antibody binding in
vaccinated individuals and has become one of the most
infectious VOCs [9-11]. Moreover, mutations to the
BA.1 have given rise to new Omicron sublineages with
similar or enhanced escape properties.

Currently, BA.5 has displaced most of the other Omi-
cron sublineages to become the dominant strain in many
countries around the world. BA.5 was first identified in
South Africa, and within only a few months, the lineage
emerged in the USA and became dominant, eventually
accounting for nearly 80% of all infections [11, 12]. Cer-
tain key alterations in BA.2 S glycoprotein, specifically
L452R and F486V, later occurred in the BA.4 and BA.5
sublineages. These modifications may allow the virus to
enter host cells more efficiently and evade neutralizing
antibodies induced by the WT COVID-19 vaccines [13].
GISAID reported that BA.5 and its descendent lineages
accounted for 68.1% of all sequences submitted from 2 to
8 January 2023 [14]. Recently developed triple vaccines
from AstraZeneca (AZD1222) and Pfizer (BNT162b2)
have low neutralization titers against BA.4/5 when com-
pared with BA.1 and BA.2. AZD1222 induces a neutrali-
zation titer toward BA.4/5 that is approximately 1.8-fold
lower than that toward BA.2, while BNT162b2 induces a
neutralization titer for BA.4/5 that is approximately 3.1-
fold lower than that for BA.2 [15]. As would be expected,
clinical vaccine efficacies against emergent Omicron
sublineages have been greatly reduced due to the poor
induction of neutralizing titers [16, 17].

Recently, the BA.5 sublineages called BE7 and BQ.1.1
have rapidly spread in many regions and become domi-
nant variants [18]. BE.7 and BQ.1.1 both carry the R346T
mutation on a BA.5 backbone. In addition, BQ.1.1 carries
K444T and N460K mutations, which are associated with
its increased prevalence. According to a recent literature
survey, bivalent booster shots may increase the neutral-
izing antibody titer as compared with monovalent vac-
cines. However, the bivalent booster shots still induce low
neutralizing antibody titers for BE.7 and BQ1.1, which are
respectively 1.5- and 7.2-fold lower than that for BA.5
[19]. It has been documented that most vaccines cannot
neutralize the BQ1.1 subvariant [20]. Hence, the intro-
duction of mutations in the S protein not only enhance
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neutralization escape but also reduce vaccine efficacy. To
date, no clinical strategy has been developed to compen-
sate for low vaccine efficacy against new VOCs.

In light of the poor protection provided by current vac-
cines from BA.5 Omicron sublineages, we investigated
whether combinations of mRNAs encoding different var-
iants might better protect against recent or future VOCs.
Here, we found that multivalent mRNA-lipid nanoparti-
cle (LNP) formulations generally induced higher neutral-
izing antibody titers against a broad selection of VOCs as
compared with monovalent mRNA-LNP formulations. In
particular, we evaluated the breath of neutralizing activ-
ity in immunized mouse sera against Alpha, Beta, Delta,
BA.5 BE7, and BQ.1.1. Combinations of BA.5 mRNA
with Alpha, Beta, or Delta mRNA showed strong cross-
neutralizing antibody responses against relevant VOCs.

Methods

Production of modified mRNAs by in vitro transcription
(IVT)

The WT, Alpha, Delta, and BA.5 SARS-CoV-2 S ¢cDNA
plasmids were kindly provided by Dr. Yu-Chi Chou,
National RNAi Core Facility, Academia Sinica, Taiwan. In
brief, synthesized DNA fragments of SARS-CoV-2 genes
encoding S protein were purchased from Integrated DNA
Technologies and subcloned into the Kpnl and EcoRI
sites of pcDNA3.1 (+) expression plasmid using a Gen-
Builder Cloning Kit (GenScript).

The DNA templates were kindly provided by Dr. Mi-
Hua Tao’s lab, Academia Sinica. Briefly, DNA templates
were constructed to contain a T7 promoter site, a codon-
optimized various SARS-CoV-2 S protein (WT, Alpha,
Delta, and BA.5), a 5’ UTR, IgG kappa leader sequence,
a poly(A) tail region, and the alpha-globin gene 3” UTR.
Prior to IVT, the plasmid was linearized using EcoRV and
purified with the NucleoSpin Gel and PCR Clean-up Kit
(Macherey & Nagel Co. Diiren, Germany). mRNA was
synthesized according to the manufacturer’s recommen-
dations using HiScribe T7 (NEB, MA, USA) with co-
transcriptional CleanCap® AG (Trilink, CA, USA) and
N1-methyl-pseudouridine (Trilink, CA, USA). Synthe-
sized mRNA was purified by DNase I (NEB, MA, USA)
digestion followed by LiCl (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) precipitation and a 70%
ethanol wash. Cellulose-based purification was per-
formed to remove dsRNA from the transcribed mRNA.
The final product was stored at — 80 °C.

Preparation of mMRNA-LNPs

LNP formulations were prepared using a previously
described method [21]. Briefly, four types of lipids were
solubilized in ethanol: SM-102 (MedChemExpress, NJ,
USA), DSPC (Avanti Polar Lipids, NY, USA), cholesterol
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(Sigma, MA, USA) and DMG-PEG 2000 (MedChemEx-
press, NJ, USA). The lipids were then mixed with a molar
ratio of 50:10:38.5:1.5. The lipid mixture was combined
with an aqueous sodium acetate buffer (25 mM, pH
4.5) containing mRNA at a flow rate ratio of 1:3 using
NanoAssemblr® IGNITE NxGen Cartridges (Preci-
sion NanoSystems Inc., BC, Canada). LNP-encapsulated
mRNA samples were dialyzed against PBS (pH 7.4) at
4 °C. Then, the mRNA-LNPs were concentrated using
Amicon Ultra Centrifugal Filters (10 K MWCO; Milli-
pore, Burlington, MA, USA) and passed through a 0.45-
mm filter.

Characterization of mRNA-LNP

The particle size distribution, polydispersity index (PDI)
value, and zeta potential of each SARS-CoV-2 S protein
mRNA-LNP were analyzed by dynamic light scattering
(DLS, Zetasizer Nano ZS, Malvern Instruments, UK).
The sample was diluted 100-fold and equilibrated for
120 s at 25 °C prior to size and zeta potential measure-
ments. The hydrodynamic diameter (z-average) and zeta
potential of mRNA-LNP were analyzed by Zetasizer soft-
ware, version 7.11 (www.malvern.com). The morphology
of mRNA-LNP was observed in a dry state using cryo-
genic transmission electron microscopy (cryo-TEM, Tec-
nai F20, Philips, Eindhoven, the Netherlands). Briefly,
the sample solution was diluted 10-fold and transferred
onto a 300-mesh copper grid covered with porous carbon
film (HC300-Cu, PELCO) before blotting and plunging
in a 100% humidity temperature-controlled chamber by
Vitroblot (FEI). The copper grids were stored under lig-
uid nitrogen and transferred to the electron microscope
on a cryo-stage for imaging. The mRNA encapsulation
efficiency (EE%) and the concentration were determined
by using the Quant-iT RiboGreen RNA assay kit (Invit-
rogen, Thermo Fisher Scientific, Waltham, MA, USA).
The mRNA integrity of free mRNA and mRNA-LNP was
analyzed by an agarose gel retardation assay. mRNA-LNP
complexes were solubilized with 1% Triton X-100, and
the integrity of released mRNA was inspected on the aga-
rose gel.

Evaluation of in vitro SARS-CoV-2 S protein expression

by flow cytometry

SARS-CoV-2 S protein mRNA-LNPs (WT, Alpha, Delta,
and BA.5) were individually transfected into HEK293T
cells and cultured at 37 °C in DMEM medium contain-
ing 10% EBS for 24 h. Then, the cells were collected
and centrifuged. The cell pellet was washed with PBS
via centrifugation, followed by incubation with fixation
and permeabilization solution (BD, catalog no. 554,714)
for 20 min at 4 °C. Cells were then stained with 1 pg/ml
RBD domain of S protein-specific monoclonal antibodies
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(K-RBD-mADb-75) for 1 h at 4 °C, followed by incubation
with PE-conjugated goat anti-mouse IgG (1:500) for 1 h
at 4 °C. The total S protein levels were determined from
both permebilized and non-permebilized cells. The fluo-
rescent signals were detected by flow cytometer; a mini-
mum of 1x 10 events were recorded for each sample and
analyzed with FlowJo software.

Mouse immunization

All procedures involving animal studies were approved
and performed in accordance with guidelines set by the
Institutional Animal Care and Use Committee (IACUC)
at Academia Sinica, Taiwan. Groups of 6- to 8-week-
old BALB/c mice were immunized via intramuscular
injection with 10 pg of indicated SARS-CoV-2 S protein
mRNA-LNP or control solution (saline) at weeks 0, 2,
and 4. Serum samples were collected 6 weeks after the
first immunization and stored at — 80 °C until further use.

Analysis of binding affinity of anti-SARS-COV-2 antibodies
from immunized mouse sera

Measurements of binding antibody levels to various
SARS-CoV-2 strains were performed on sera from immu-
nized mice, as previously described [22]. Briefly, ELISA
plates were coated with 0.5 pg/ml of S protein purchased
from ACRO Biosystems (Alpha strain, SPN-C52H6; Delta
strain, SPN-C52He; Omicron BA.5, SPN-C522e) and
incubated at 4 °C overnight, followed by blocking with
PBS containing 1% bovine serum albumin (BSA) at RT
for 2 h. After blocking, the wells were washed twice with
PBS. Then, sera that were serially diluted with 1% BSA
in PBS were added into each well in triplicate, and the
plate was incubated at room temperature for 1 h. After
an incubation period, the plates were washed three times
with PBS containing 0.1% Tween-20 (PBST0.1) and then
incubated for 1 h with peroxidase-affinipure goat anti-
mouse IgG (H+L) (Jackson ImmunoResearch) (1:5000
dilution). After three washes with PBSTO.1, signal was
produced using 3,3’5,5-Tetramethylbenzidine (TMB)
substrate (TMBW-1000-01, SURMODICS). Finally, the
reaction was stopped with 3 N HCl, and absorbance was
measured at 450 nm by an ELISA reader (Versa Max
Tunable Microplate Reader; Molecular Devices).

Pseudovirus neutralization assay

Blood samples were collected from mice at six weeks
after the first boost, and the sera were used to determine
the neutralization activity against different SARS-CoV-2
pseudoviruses. The pseudovirus neutralization assays
were performed using SARS-CoV-2 pseudotyped lenti-
viruses expressing full-length S protein and firefly lucif-
erase in HEK293T cells that overexpressed human ACE2
(HEK293T/hACE2; purchased from the National RNAi
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Core Facility, Academia Sinica, Taiwan). The serum from
each mouse was serially diluted using 1% FBS DMEM
and pre-incubated with 1000 TU SARS-CoV-2 pseu-
dovirus for 1 h at 37 °C. After incubation, the mixtures
were added to 1x10* HEK293T/hACE2 cells pre-seeded
in each well of a 96-well white plate (SPL Life Science)
for 24 h at 37 °C. The pseudovirus-containing culture
medium was then replaced with 10% FBS DMEM for an
additional 48-hour incubation. Next, ONE-Glo luciferase
reagent (Promega) was added to each well for 3-minute
incubation at 37 °C to measure firefly luciferase activ-
ity. Luminescence was measured using a microplate
spectrophotometer (Molecular Devices) to determine
pseudovirus infection efficacy. The half-maximal inhibi-
tory concentration (ICy,) was calculated by nonlinear
regression using Prism software version 8.1.0 (GraphPad
Software Inc.). The average ICg, value for each experi-
mental group was determined from three independent
experiments.

Results

We generated SARS-CoV-2 mRNAs for S proteins from
WT virus and its variants, including Alpha, Delta, and
Omicron BA.5. Our selection of BA.5 was based on the
fact that it possesses an identical S protein to that of BA .4
and is closely related to BA.2 [23], as well as the fact that
its sublineages BE.7 and BQ1.1 are rapidly gaining global
dominance. Furthermore, neutralizing antibodies against
BA.4/5 show cross-neutralization of other Omicron sub-
lineages [24]. In each mRNA sequence, the gene coding
sequence was flanked by a 5" and 3’ UTR region from
the human hemoglobin subunit alpha 1 mRNA to regu-
late the mRNA stability and protein expression (Fig. 1A).
The integrity of in vitro-synthesized mRNA was moni-
tored with an agarose gel retardation assay (Fig. 1B). A
NanoAssemblr® Ignite microfluidic mixing device was
used to prepare mRNA-LNP complexes with respective
mRNAs.

Physiochemical characterization of mMRNA-LNP complexes
The integrity of mRNAs packed into LNPs was character-
ized by agarose gel electrophoresis assays. The results in
Fig. 1B show that mRNA-LNP complexes were trapped
within the gel well when run with 1X TE buffer only.
However, further treatment of mRNA-LNP complexes
with 1% TritonX-100 generated a band in the same rela-
tive position as naked mRNAs. These data indicate that
mRNA was successfully packed into LNPs, and disrupt-
ing the LNPs could release the mRNA without causing
degradation and affecting mRNA integrity.

The average particle sizes of the mRNA-LNP com-
plexes were measured at a range between 80 and 110 nm
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using Dynamic light scattering (DLS). Most importantly,
the polydispersity index (PDI) values lower than 0.3 indi-
cated uniform distribution and lack of aggregation of the
mRNA-LNP complexes in an aqueous solution (Fig. 1D).
Cryo-EM imaging of the mRNA-LNP complexes also
revealed a homogenous distribution and spherical struc-
ture of each formulation (Fig. 1C).

Validation of protein expression in vitro

mRNA-LNP complexes containing one of four different
types of mRNA construct (W'T, Alpha, Delta or BA.5)
were applied to HEK293T cells. The mRNA-LNP treat-
ment scheme is shown in Fig. 2A. After an incubation
period, cells were collected using dissociation buffer and
analyzed by flow cytometry with an in-house-generated
chimeric antibody called k-RBD-chAb-75. This antibody
can bind to S protein of WT virus and its variants [25].
Each different mRNA could successfully induce S protein
expression in the transfected cells. After binding of cells
with the chimeric antibody, the shifted peak in the flow
cytometry data was used to calculate the percentage of
cells expressing full-length S protein (Fig. 2B C).

Bivalent mRNA-LNP complexes induce robust antibody
responses in mice

After confirming that each mRNA-LNP complex could
successfully induce protein expression in the cell-based
assay, the immunogenic effects were assessed in BALB/c
mice. Eight groups of 6- to 8-week-old mice were immu-
nized twice with intramuscular (i.m) injections of mono-
valent or bivalent mRNA-LNP complexes. Mice receiving
saline served as the negative controls (Fig. 2D). To investi-
gate the functionality of bivalent mRNA-LNPs, we chose
to inject combinations of BA.5+W'T, BA.5+ Alpha,
BA.5+Delta. These combinations were compared with
monovalent mRNA-LNPs. An ELISA-based method was
performed to evaluate the binding of serum antibodies
to WT, Alpha, Delta, and BA.5 recombinant S proteins.
The data showed no significant difference between the
binding activities of antibodies generated by monovalent
and bivalent vaccines (Fig. 2E). Despite this lack of dif-
ference, the bivalent vaccine contains half the amount of
mRNA for each targeting antigen compared to the cor-
responding monovalent vaccines. Nevertheless, the anti-
bodies generated by monovalent and bivalent vaccines
were similarly able to bind to the virus. Thus, the bivalent
vaccine may not be substantially more effective than the
monovalent vaccine in terms of antibody binding activity,
and both vaccines are effective at preventing infection.
Importantly, previous studies have reported a poor cor-
relation between antibody binding activity and neutral-
izing activity toward SARS-CoV-2, suggesting that many
antibodies produced after vaccination may bind to the
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S protein but fail to neutralize the virus [26]. Therefore,
we further performed pseudovirus-neutralizing activity
assays to analyze the potencies of antibodies generated
via vaccination.

To track potential negative side effects, body weight
was evaluated each week after immunization of mice
with monovalent vaccines (WT or BA.5) or bivalent
vaccine (WT+BA.5). The body weights decreased
slightly after immunization with both types of vaccine,

but the animals regained weight to achieve pre-injec-
tion levels after 7 days (Additional file 1: Fig. S1).
Overall, these data indicate that immunization had no
long-term negative effects on body weight. In line with
these results, previous research has demonstrated that
mice receiving LNP-mRNA vaccinations may experi-
ence a decrease in body weight for a few days after the
vaccination; however, the body weights soon return to
the original levels [27]. In another study, the authors
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compared the side effects of LNP-mRNA vaccination
of BALB/c mice administered via two different routes,
i.e., intravenous (i.v.) and intramuscular (i.m.). The
data showed that i.v. administration induced rapid
onset multifocal myopericarditis, but i.m. administra-
tion did not. Furthermore, the animal body weights
decreased briefly after vaccination but returned to
the initial values after 7 days [28]. Another recent
study showed that the local and systemic reactions
experienced following the administration of a biva-
lent booster dose are similar to those reported after
monovalent booster doses [29]. Thus, our data are
consistent with previously published findings and do
not suggest that any additional adverse effects will be
observed for bivalent vaccines as compared with mon-
ovalent vaccines.

Bivalent mRNA vaccination induces cross-variant
neutralization of SARS-CoV-2 variant pseudoviruses
Neutralizing activity was evaluated using sera from
post-vaccinated animals, as depicted in Fig. 3A. In
pseudovirus neutralization experiments, mice immu-
nized with monovalent WT, Alpha, or Delta mRNA
failed to neutralize the BA.5 pseudovirus. Similarly, sera
from mice immunized with monovalent BA.5 mRNA
were also incapable of neutralizing Alpha and Delta
pseudoviruses, and the neutralization of WT pseu-
dovirus was minimal (Fig. 3B—H and Additional file 2:
Fig. S2). In contrast, sera from mice immunized with
bivalent mRNA vaccines (BA.5+WT, BA.5+ Alpha,
or BA.5+Delta) showed broad abilities to neutral-
ize of WT, Alpha, Delta, and BA.5, BE7, and BQ1.1
pseudoviruses. It was also found that bivalent mRNA
vaccines induced significantly stronger neutralizing
antibody titers against the BA.5 pseudovirus compared
to monovalent WT, Alpha, or Delta vaccines (Fig. 3E
and Additional file 2: Fig. S2). In comparison to other
combination regimens, BA.5+ WT appeared to be the
most effective. Still, the mice vaccinated with bivalent
BA.5+WT exhibited lower neutralizing antibody titers
for BE.7 and BQ1.1 (1.1- and 4.8-times lower) than for
BA.5. Notably, the sera from monovalent BA.5 vac-
cine recipients showed lower neutralizing resistance
to BQ1.1 than did bivalent vaccine recipients, suggest-
ing that BQ1.1 may have high neutralizing resistance as
compared with other VOCs (Fig. 3H). It may therefore
be possible to induce better serum neutralizing activity
against a broad range of SARS-CoV-2 variants with the
use of a bivalent mRNA vaccine containing S protein
mRNAs from both previous and current variants.
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Discussion

Despite the availability of multiple COVID-19 vaccines,
the continued emergence of new variants has diminished
vaccine effectiveness. Previous studies have evaluated
the effectiveness of repeated immunization for different
viral variants, revealing that the approach can be bene-
ficial due to affinity maturation of B cells. However, it is
important to note that repeated boosting with vaccines
against homologous variants may not be effective at pre-
serving the epitope repertoire [30]. In only a short time,
the Omicron sublineages have superseded the other vari-
ants, making it difficult to predict the efficacies of vac-
cines produced for earlier strains. It has been shown that
homologous or heterologous booster doses of mRNA
vaccines result in low (36- to 40-fold reduced) neutral-
izing ability against Omicron BA.1 [31]. In light of this
problem, researchers must urgently fine-tune available
vaccines, tailor booster doses, or produce variant-based
antigens to ensure our ability to fight SARS-CoV-2 VOCs.
Recently, studies have demonstrated that booster doses of
mRNA-1273, BNT162b2, or Ad26.COV2 vaccines could
help to neutralize the Omicron B.1.1.529 sublineage [32—
34]. Boosting with bivalent vaccines is gaining attention
due to its enhancement of neutralizing antibody levels,
as well as its improved cross-reactivity toward multi-
ple variants compared to monovalent vaccines [35, 36].
Furthermore, Fang et al. showed that a bivalent booster
dose significantly outperformed a monovalent booster
shot. The authors of that study found that a monova-
lent booster shot against WT, Delta, or BA.2 S proteins
increased neutralizing antibody titers for BA.2.12.1,
BA.2.75, and BA.2; however, the effects were minimal for
BA.4/5. Nevertheless, they further showed that a bivalent
booster dose of Delta and BA.2 antigens broadly neu-
tralizes most Omicron sublineages, including BA.5 [37].
Since its emergence in September 2022, the BA.5 sublin-
eage BQ.1.1 quickly spread to account for 24.2% of total
COVID-19 cases by November 2022 [38, 39]. The clini-
cal use of a bivalent vaccine targeting ancestral S protein
and Omicron BA.1 S protein has been shown to result in
high-level production of neutralizing antibodies when
compared to boosters targeting ancestral S protein alone
[40]. To overcome low vaccine effectiveness against new
variants, monovalent vaccines have been replaced with
bivalent vaccines for individuals aged>12 years in the
U.S. and other countries since September 1st 2022 [41,
42]. Many studies have demonstrated the importance
of booster doses in this context. For instance, one study
showed that a booster targeting a combination of two
antigens is more effective than a booster against a dif-
ferent variant than that targeted in the previous immu-
nization [37]. Recent studies by Kurhade et al. have
compared the effects of BA.5-targeting booster doses
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Fig. 3 Bivalent mRNA vaccination induces neutralizing activity against SARS-CoV-2 variant pseudoviruses. A Mouse model immunization and
blood sample collection schedules. B-G Pseudovirus neutralization assay on serum collected from mice receiving monovalent or bivalent mRNA
vaccination against wild-type (WT), Alpha, Delta, BA.5, BF.7, and BQ.1.1 pseudoviruses. H Half-maximal inhibitory concentrations (ICs,) values for
serum of monovalent or bivalent mRNA-vaccinated mouse against SARS-CoV-2 variant pseudoviruses. All experiments were performed in triplicate;

standard deviations are shown as error bars

to parental mRNA booster doses. Following receipt of
a BA.5 booster dose, protection against BA.4/5, BE7,
BA.4.6, and BA.2.75.2 is enhanced, while resistances to
BQ.1.1 and XBB.1 are minimally affected [39]. WHO
classified Omicron XBB.1.5 as moderate risk on 25 Janu-
ary 2023. Up to this time almost 54 countries have been
reported this variant and most of the infection are from
U.S [14]. Vaccine-elicited neutralization against these
Omicron sublineages has been studied and it has been
shown that individuals with the WT vaccine exhibit

less neutralization against the BQ.1 sublineages and are
mostly ineffective against the XBB.1 sublineages when
compared to those with the bivalent (BA.5) booster shot.
[43]. Furthermore, these Omicron sublineages diminish
the neutralizing ability of approved monoclonal antibod-
ies [44]. mRNA technology could speed up the prepara-
tion of the antigen against the circulating variant, and
the combinations of antigens from two different variants
might overcome current problems with immune escape
and low vaccine efficacy. While this approach is feasible,



Kumari et al. Journal of Biomedical Science (2023) 30:46

questions remain as to which combinations would be
most effective for recent or future VOCs. Many recent
studies have made detailed comparisons of different vari-
ant combinations, but information on newly emerging
variants is lacking. Here, we compared different bivalent
combinations targeting BA.5+WT, BA.5+ Alpha, and
BA.5+ Delta to determine which was the most effective.
In this study, we perform a side-by-side comparison of
monovalent and bivalent mRNA-LNP vaccine efficacies
against WT, Alpha, Delta, and BA.5. We also compared
the efficacies of different variant antigen combinations
to protect against VOCs. The sera from mice receiving
monovalent vaccines against BA.5 mRNA-LNP showed
low binding affinity towards other VOCs, but these sera
also showed high neutralizing activities for BA.5 subline-
ages BE7 and BQ.1.1. This finding may be attributed to
the fact that mutations in BA.5 separate the lineage from
other VOCs; however, its sublineages remain similar to
each other. These results are consistent with observations
that mutations in BA.5 S protein reduce binding strength
and enhance immune evasion [45, 46]. Detailed investi-
gation of neutralizing antibody titers from immunized
mouse sera revealed that bivalent vaccines are generally
more effective against most relevant variants as com-
pared with monovalent vaccines. Importantly the WT
vaccine showed no neutralizing activity against BA.5
and its sublineages. In support of this idea, even booster
shots of vaccines and therapeutic monoclonal antibod-
ies designed against the WT variant showed very little
protection against Omicron BA.5 in clinical trials [47,
48]. The designed bivalent vaccine induced significant
neutralization activities for WT, Alpha, Delta, BA.5, and
BE.7, with fairly modest activity for BQ.1.1. Meanwhile,
the sera from BA.5 vaccinated mice also showed no
neutralizing activity against other SARS-CoV-2 VOCs.
Nevertheless, the bivalent vaccines produced signifi-
cant neutralizing effects toward WT, Alpha, Delta, and
BA.5. Combining BA.5 and WT (BA.5+WT) showed
a broader neutralizing response than BA.5+ Alpha and
BA.5+Delta. Thus, a bivalent vaccine could prevent
recent and future breakthrough strains by ensuring the
production of robust neutralizing antibody titers. Still,
the exact reason for bivalent vaccine superiority remains
unknown. In a recent study, a bivalent boosting group
had significantly higher levels of neutralizing antibodies
than a monovalent boosting group, but there was no dif-
ference in T cell response between the two groups [49].
Further studies comparing the T cell responses to biva-
lent vaccines and monovalent vaccines are expected to
provide a more comprehensive understanding of the effi-
cacy of these approaches. In the present study, our data
suggest that BA.5+W'T combination might help to pre-
serve the epitope repertoire against different VOCs.
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Conclusions

Mutations in S protein are always challenging because
they might alter vaccine efficacy and increase virus
transmissibility. Combining vaccines from two mutants
is relatively uncommon, primarily due to the need for
focusing on currently circulating VOCs. Here, we iden-
tified the most effective combination regimens that
neutralize most SARS-CoV-2 variants. Serum from
monovalent vaccine-receiving mice can bind to cross-
variants, but the neutralizing activities are very low. In
contrast, bivalent vaccines, particularly BA.5+ W, are
highly effective in neutralizing SARS-CoV-2 variants.
Therefore, it may be possible to overcome the low vac-
cine efficacies against the current Omicron sublineages
and future VOCs by designing a bivalent vaccine strat-
egy. As a whole, these findings support the notion that
individuals boosted with bivalent vaccines may receive
better protection than those boosted with existing vac-
cination regimens.
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