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mRNA vaccines with RBDmutations
have broad-spectrum activity against
SARS-CoV-2 variants in mice
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The emergence of SARS-CoV-2 variants with defined mutations that enhance pathogenicity or
facilitate immune evasion has resulted in a continual decline in the protective efficacy of existing
vaccines. Therefore, there is a pressing need for a vaccine capable of combating future variants. In this
study, we designed newmRNA vaccines, BSCoV05 and BSCoV06, and generated point mutations in
the receptor-binding domain (RBD) of the original Wuhan strain to increase their broad-spectrum
antiviral activity. Additionally, we used the BA.1 RBD as a control. Both vaccines elicited a robust
immune response in BALB/c and K18-hACE2 mice, generating high levels of specific binding
antibodies against theBA.2RBD.Moreover, all three vaccines induced neutralizing antibodies against
the prototype viral strain and relevant variants, including the Alpha and Beta strains and the Omicron
variants BA.1, BA.2, BA.5, XBB.1.5, XBB.1.16, EG.5.1, and EG.5.1.1, with BSCoV06 demonstrating
broader neutralizing antibody activity. Both BSCoV05 and BSCoV06 also elicited a cellular immune
response. After the challenge, both BSCoV05 and BSCOV06 provided protection against the EG.5.1
strain in both mouse strains. Therefore, these two vaccines merit further evaluation in nonhuman
primates, and this vaccine design strategy should be explored for its potential application in
combating future SARS-CoV-2 variants, offering valuable insights into broad-spectrum vaccine
development.

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in a
significant numberof deaths and immense economic lossesworldwide since
thefirst outbreak in2019, becominga seriouspublichealth emergency.Asof
August 2024, the World Health Organization (WHO) reported a cumula-
tive infection count of 775 million people, with over 7 million fatalities1.

Effective vaccination is the primary method for preventing SARS-
CoV-2 infection. Several SARS-CoV-2 vaccines, including the BioNtech
and Moderna mRNA vaccines2,3, inactivated vaccines4, and Novavax sub-
unit vaccines5, have been approved for intramuscular injection in humans.
These vaccines have significantly reduced the number of severe cases and
mortality rate, playing a crucial role in controlling the pandemic6.

The spike (S) protein is a key target for vaccine development. The
receptor-binding domain (RBD) of the S protein, which binds to host
receptors to facilitate viral entry into cells7, is the primary epitope for neu-
tralizing antibodies8. Many vaccines, such as mRNA-1273, have been
developed using the S protein as the antigen. However, research has shown
that the majority of neutralizing antibodies in the serum of patients bind to
the RBD, making it another important antigen for vaccine development9.

As time has progressed, the highlymutable nature of the SARS-CoV-2
S protein has led to the emergence of numerous variants and subvariants,
many of which have acquiredmutations in the RBD that influence immune
escape. This has resulted in a diminishing efficacy of previously approved
vaccines. Following the Wuhan strain, several dominant variants emerged,
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includingAlpha, Beta, Gamma, andDelta. InNovember 2021, theOmicron
variant (B.1.529) appeared, followed by various Omicron subvariants, such
asBA.2, BA.4, BA.5, BA.2.75, BQ.1.1,XBB,XBB.1.5, XBB.1.16, EG.5.1, JN.1,
KP.2, and KP.3, which have increasingly enhanced immune evasion10,11. To
address the emergence of new variants, bivalent vaccines containing the
Wuhan-1 spike protein and BA.4/5 have been approved. However, studies
indicate that the neutralizing activity of sera from vaccinated individuals
against BQ.1, BQ.1.1, XBB, and XBB.1 has significantly diminished, with
antibody titers against BQ variants decreasing by 13–81 times and antibody
titers against XBB variants decreasing by 66–155 times12. This highlights the
need for a broad-spectrum vaccine to combat the continuously emerging
variants.

Mutations in the S protein can facilitate immune escape, with
certain mutations in the RBD significantly altering the surface structure
of the RBD that corresponds to antibody epitopes7,13. The E484mutation
has been shown to reduce the neutralizing activity of convalescent sera
by more than tenfold14. The B.1.1.529 variant, due to mutations K417N,
G446S, E484A, and Q493R, has evaded most previously generated
antibodies. Plasma samples from individuals who received three doses of
CoronaVac and were not infected indicated that the neutralization titers
(NT50) decreased by 1.5–1.7 times against the BA.4 or BA.5 sublineages
harboring mutations R346I (BA.5.9), R346T (BA.4.6), and R346S
(BA.4.7). A similar reduction in neutralization titers was observed in the
plasma of individuals recovering from breakthrough infections with
BA.1 or BA.2 variants. Importantly, the BA.4 or BA.5 subvariants with

R346I, R346T, or R346S mutations can significantly evade antibody
neutralization by plasma samples from individuals with BA.5 break-
through infections, resulting in a 2.4–2.6-fold decrease in the 50%
neutralization titer (NT50)

15. Therefore, considering these immune
escape sites is crucial in the design of future vaccines.

The development of broad-spectrum vaccines often relies on multi-
valent vaccines to enhance the immune response. However, the production
of multivalent vaccines is complex and costly and also risks significantly
reducing protective efficacy as newvariants arise. In this study,we based our
approach on the RBD sequence of the Wuhan-1 strain. We generated
variant strains by retaining conserved antibody binding sites and incor-
porating characteristic critical mutations from various variants. Moreover,
we developed novelmRNA vaccines on the basis of these strains to evaluate
their immunogenicity and effectiveness, with the aim of achieving broad-
spectrum efficacy.

Results
Antigen design and vaccine preparation
In our preliminary work, we discovered that incorporating characteristic
immune escape sites from different variants into the RBD of the original
Wuhan strain significantly enhances the broad-spectrumprotective efficacy
of subunit vaccines against various variants. On the basis of these findings,
we introduced themutations S371F, K417N, N440K, L452R, L455F, F456L,
T478K,E484A, F486V,Q493R,Q498R,N501Y, andY505H into theRBDof
the Wuhan-1 strain to generate the candidate vaccine sequence BSCoV05

Fig. 1 | Design and preparation of the mRNA vaccine. a The vaccine design and
mutation schematic, the arrows represent a schematic illustration of mutations on
the RBD, and the red mutations are unique to the sequence of the vaccine. b–d The

structural predictions for BSCoV05, BSCoV06, and BA.1. eDiagram of the mRNA-
LNPs and f the particle size distribution curve of the LNPs.
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(Fig. 1a and Supplementary Table 1). Additionally, we introduced the
mutations H346T, L368I, S371F, K417N, N440K, V445P, L452R, T478K,
E484A, F490S, Q493R, Q498R, N501Y, and Y505H to create the candidate
vaccine sequence BSCoV06. Due to the BA.1 strain being the first variant of
the Omicron lineage and exhibiting strong immune evasion, it shares a
certain degree of homology with subsequent variants and also has a high
degree of homology with earlier strains. Therefore, we selected the RBD
sequence of BA.1 as a control vaccine sequence, which included the
mutations G339D, S371L, S373H, K417N, N440K, G446S, S477N, T478N,
E484A, Q493R, N501Y, and Y505H (Fig. 1a).

First, we performed structural predictions of the candidate vaccine
protein sequences via AlphaFold3 (Fig. 1b–d). The results indicated that
most of these mutations affect the antigen surface structure, potentially
inhibiting the recognition of conformational epitopes and the presentation
of the antigen. We subsequently incorporated the signal peptide sequence
MDWTWILFLVAAATRVHS into the RBD sequence, optimized the
codons, and constructed a plasmid containing a 5’ untranslated region
(UTR), 3’UTR, andPolyA tail. Thiswas followedby in vitro transcription to
obtainmRNA.We utilized amicrofluidic approach to preparemRNA lipid
nanoparticles (mRNA-LNPs) (Fig. 1e) using the lipids SM102, DSPC,
PEG2000-DMG, and cholesterol. Dynamic light scattering (DLS) analysis
revealed that the size of all vaccine particles was approximately 100 nm
(Fig. 1f), and encapsulation efficiency tests revealed that the encapsulation
efficiency for all vaccines exceeded 95%.

BSCoV05, BSCoV06, and BA.1 can elicit strong immune
responses in BALB/c mice and K18-hACE2 mice
To verify whether BSCoV05 and BSCoV06 activate an immune response
postimmunization, BALB/c mice were immunized with the vaccines
(Fig. 2a). Serum sampleswere collected before immunization and at 5 h and
24 h postimmunization to assess changes in cytokine levels and related
chemokines. Tris-HCl buffer was used as the placebo control. Compared
with those in the placebo group, the levels ofmost cytokines in the treatment
groups significantly increased at 5 h postimmunization and markedly
decreased at 24 h (Fig. 2b). However, the MCP-1 and MIP-1b levels
remained elevated at 24 h, even surpassing those at 5 h.MCP-1 andMIP-1b
are critical chemokines for the activation and migration of antigen-
presenting cells16, and their mRNA expression was still high at 24 h. In the
placebo group, MIP-1β levels remained elevated after 24 h, with some
individuals even demonstrating an increase. However, this increase was not
statistically significant, and the cause of this trend may be attributed to
testing errors. Additionally, compared to the vaccine group, the increase in
levels was more pronounced in the latter. Moreover, IL-6 promotes the
differentiation of naive CD4+ T cells into effector and helper cells, bridging
innate immunity to adaptive immune responses17, whereas IL-5 is involved
in mouse B-cell differentiation16,18. These findings demonstrated that
BSCoV05andBSCoV06 successfully elicited an immune response inBALB/
cmice.ForK18-hACE2mice, aside fromthe less pronounced changes in IL-
5 compared to BALB/c mice, the other cytokines showed similar results
(Supplementary Fig. 1).

To further validate the immunogenicity of the vaccines, BALB/c
andK18-hACE2mice were immunized three times on days 0, 14, and 28.
Considering that most prevalent variants have evolved from the BA.2
variant, serum samples were collected at 14, 21, 28, 35, and 42 days
postimmunization to measure BA.2 RBD-specific binding antibody
levels via ELISA (Fig. 2c). At 14 days postimmunization, RBD-specific
antibodies were detected in both BALB/c and K18-hACE2 mice across
all three vaccine groups (Fig. 2d, e). Following the three immunizations,
the levels of specific antibodies significantly increased, with average
antibody titers peaking at 35 days and reaching 105 in both BALB/c and
K18-hACE2mice. By 42 days, a decline was observed, and no significant
differences were noted between high and low doses for some vaccines. In
K18-hACE2 mice, however, the difference between high and low doses
of BSCoV06 was more pronounced. Therefore, all three vaccines
demonstrated suitable immunogenicity.

BSCoV06 has broad-spectrum antiviral activity
To further validate the broad-spectrum activity of the three vaccines post-
immunization, we collected serum from BALB/c mice on day 42 and
conducted live virus neutralization assays against the original strain, alpha
strain, beta strain, and the Omicron variants BA.1, BA.2, BA.5, XBB.1.5,
XBB.1.6, EG.5.1, and EG.5.1.1. The results indicated that all three vaccines
elicited relatively high levels of neutralizing antibodies against BA.1, BA.2,
and BA.5, with the strongest neutralizing activity observed against BA.2
(Fig. 3a–c). The geometric mean titers (GMTs) for the high and low doses
were as shown in Supplementary Table 2. Both the BSCoV05 and BA.1
vaccines exhibited lowerneutralization activity against theXBBvariants and
EG.5 variants (GMT < 100). In contrast, BSCoV06 generated high levels of
neutralizing antibodies against the XBB and EG.5 variants, with GMTs as
shown in Supplementary Table 2. However, the neutralizing antibody levels
elicited by BSCoV06 against the original strain, alpha, beta, and delta strains
were slightly lower than those elicited by BSCoV05, withGMTs of 291, 334,
291, and 253, respectively. BSCoV05 vaccination resulted in the highest
neutralizing antibody levels against the original strain, alpha, and delta
strains, surpassing those against BA.1. The neutralizing activity of anti-
bodies induced by BSCoV05 was comparable to that induced by BA.1.
Conversely, there was a significant difference in neutralizing activity
between BSCoV06 and BA.1.

We also assessed the neutralizing antibody levels against the pseudo-
viruses of strains BF.7, BQ.1, CH.1.1, JN.1, and KP.2 (Fig. 3d). The findings
revealed that BSCoV06 produced high levels of neutralizing antibodies
against the evolutionarily older strains BF.7, BQ.1, and CH.1.1, whereas
BSCoV05 demonstrated significantly lower neutralization activity against
CH.1.1 than BSCoV06 did. Neutralizing antibodies were also detected in
each vaccine group for the newer strains JN.1 and KP.2. K18-ACE2 mice
presented similar results. In K18-hACE2 mice (Fig. 3e), neutralizing anti-
body levels against the original strains, BA.1, BA.5, XBB.1.5, and EG.5.1
were assessed, revealing similar trends but overall lower antibody levels than
those in BALB/c mice. Both vaccines achieved seroconversion against
various strains in both BALB/c and K18-hACE2 mice; notably, BSCoV06
induced higher neutralizing antibody levels against new strains, such as the
XBB series, demonstrating greater broad-spectrum activity.

To further observe the decay of antibodies, we collected serum
samples at 56 days post-primary immunization and selected the pro-
totype strain, BA.1, BA.5, XBB.1.15, and EG.5.1 for neutralization
assays. Considering that excessive blood collection prior to the challenge
might affect the mice’s condition during the challenge, we opted to
conduct neutralizing antibody detection seven days before the challenge
and at 56 days post-primary immunization. The results indicated a
certain degree of decline in neutralizing antibodies against all strains,
with a more pronounced decrease observed for the BA.1 vaccine in K18-
hACE2 mice (Supplementary Fig. 2). However, overall, the neutralizing
antibodies for BSCoV05 and BSCoV06 still maintained a certain level
and broad-spectrum efficacy.

BSCoV05 and BSCoV06 can elicit cellular immune responses
To further investigate the cellular immune responses induced by the two
vaccines, we collected peripheral blood mononuclear cells (PBMCs) from
BALB/c mice 42 days postimmunization and used spike proteins from the
BA.1.1, XBB, and EG.5 strains as antigen stimulators to conduct ELISpots
assays (Fig. 4 and Supplementary Fig. 3). The results indicated that both
BSCoV05 and BSCoV06 generated specific spots for IFN-γ (Fig. 4a–c), IL-2
(Fig. 4d–f), and IL-4 (Fig. 4g–i). In contrast, the number of specific spots
targeting the spike protein of the EG.5 strain was lower, with no significant
differences observed between the BSCoV05 and BSCoV06 groups com-
pared with the BA.1 group.

BSCoV05 and BSCoV06 protected BALB/c mice challenged
with EG.5.1
The original intent of this vaccine design was to better address the
emergence of new variants. The EG.5 series variants, which circulated in
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2023, represent a newer set of mutations within the Omicron lineage.
They are also the most recent mutations accessible to us due to regional
constraints, hence we have employed the EG.5.1 variant for our chal-
lenge experiments. In BALB/c mice, three immunizations were com-
pleted, followed by a challenge with the EG.5.1 strain on day 63
postimmunization. Nasopharyngeal swabs were collected daily for five

days following the challenge, and changes in body temperature and
weight were recorded. On day 5 postchallenge, themice were euthanized
for dissection (Fig. 5a). Weight loss was observed in all challenged mice
(Fig. 5b), with no significant differences between the vaccine and control
groups, and no notable changes in body temperature were recorded
(Supplementary Fig. 4). Analysis of the lung viral RNA loads revealed

Fig. 2 | The mRNA vaccine induced strong immune responses in BALB/c and
K18-hACE2 mice. a Schematic diagram of the immunization process in BALB/c
mice. b The expression levels of cytokines at 5 h and 24 h postimmunization, with ρ
indicating the serum concentration of cytokines (pg/mL) (n = 4). c ELISA results
showing the levels of BA.2 RBD-specific binding antibodies in BALB/c mice (n = 5).

d Immunization process in K18-hACE2mice. eELISA results for BA.2 RBD-specific
binding antibodies in K18-hACE2 mice (Placebo: n = 5, BSCoV 05, BSCoV06 and
BA.1: n = 4). The detection limit of the ELISA is 200 and the schematic diagram of
the immune process was obtained from the BioRender website, “ns” means no
significant difference.

https://doi.org/10.1038/s41541-025-01066-4 Article

npj Vaccines |            (2025) 10:7 4

www.nature.com/npjvaccines


that all the vaccine groups presented significantly reduced viral RNA
levels (Fig. 5c), which was negatively correlated with the levels of neu-
tralizing antibody levels (Supplementary Fig. 8). The high-dose
BSCoV06 group presented the lowest viral load. However, the BA.1
vaccine group also presented significantly decreased viral RNA levels.
Additionally, pathological examination revealed that lung injuries in
infected mice were characterized by pulmonary hemorrhage, inflam-
matory cell infiltration, vascular thrombosis, bronchial obstruction, and
protein exudation (Fig. 5d, e). The pathological scoring results indicated
that the degree of pathological damage in the placebo group was sig-
nificantly greater than that in the vaccine group.

To further confirm the lung viral load, immunofluorescence staining
was performed usingNprotein antibodies (Supplementary Fig. 5). The viral
N protein was present in all groups, but a significant reduction in N protein
levels was noted in the vaccine groups compared with the placebo group,
with the group treated with BSCoV06 showing the most pronounced
decrease. Although the viral RNA load of the BA.1 group was significantly
reduced, a substantial amount of viral N protein remained detectable. The
results from nasopharyngeal swabs postchallenge indicated no differences
in the viral load between the vaccine and placebo groups during the first two
days (Fig. 5f, g); however, from days 3–5, the vaccine groups showed a
marked reduction.

Fig. 3 | Neutralization activity of BSCoV05- and BSCoV06-induced antibodies
against each strain. a–c The GMTs of neutralizing antibodies against different
strains in the serum of BALB/c mice immunized with BSCoV05, BSCoV06, and
BA.1. d The titers of neutralizing antibodies against various pseudoviruses in the
serum of BALB/c mice immunized with BSCoV06 or BA.1. e The neutralizing
antibody titers against various live strains in the serum of K18-hACE2 mice 42 days
postimmunization with each vaccine. (Placebo: n = 5, BSCoV 05,BSCoV06 and

BA.1: n = 4) The data are expressed as means ± SEM. Statistical analysis was con-
ducted using one-way ANOVA and Tukey’s multiple comparison test. The sig-
nificance of differences between the experimental group and the unimmunized
control group is indicated by asterisks, the significance of no marker indicates no
significance. *P < 0.05, **P < 0.01, ***P < 0.005. The detection limit of the authentic
virus neutralization experiment is 16 and the pseudovirus neutralization experiment
is 20 as indicated by the red dashed line.
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BSCoV05 and BSCoV06 protected K18-hACE2 mice challenged
with EG.5.1
To further evaluate the protective efficacy of the vaccines, we conducted a
challenge experiment using humanized K18-hACE2 mice. Following the
established challenge protocol (Fig. 6a), after three immunizations, themice
were challenged with the EG.5.1 strain on day 63 postimmunization.
Nasopharyngeal swabs were collected daily for five days following the
challenge, and changes in body temperature and weight were recorded.
Postchallenge, the placebo group presented significant weight loss (Fig. 6b).
In contrast, the weight loss of the mice in all the vaccine groups, except the
low-doseBA.1 groupwaswithin 10%of their original bodyweight. Byday 5,
only 40% of the placebo group mice survived, whereas all other vaccine
group mice remained alive (Fig. 6c). The placebo group mice presented a
more significant decrease in body temperature (Supplementary Fig. 4). On

days 3–5 post-challenge, the viral RNA loads in nasopharyngeal swabs from
the vaccine groups were notably lower than that in the placebo group
(Supplementary Fig. 6). Pathological sections and scoring results demon-
strated that the degree of pathological damage in most vaccine groups was
significantly lower than that in the control group (Fig. 6e, f).

On day 5 postchallenge, the mice were euthanized, and lung tissues
were collected for viral RNA load detection (Fig. 6d). Except for the high-
dose BA.1 group and the low-dose BSCoV06 group, all the other vaccine
groups presented significantly reduced viral RNA levels. Furthermore,
immunofluorescence staining of lung tissues revealed a substantial presence
of the SARS-CoV-2 N protein in the placebo group (Fig. 6g), while the low-
dose BSCoV06 and BA.1 groups also presented considerable fluorescence
signals. Notably, the levels of N protein detected in the high-dose BSCoV05
and BSCoV06 groups were significantly reduced.

Fig. 4 | Statistical plots of the ELISPOT results. a–c The number of IFN-γ-specific
spots generated after stimulation in each group (n = 5). d–f The number of IL-2-
specific spots produced following stimulation in each group (n = 5). g–iThe number
of IL-4-specific spots generated after stimulation in each group (n = 5). The data are
expressed as the means ± SEMs. Statistical analysis was conducted via one-way

ANOVA and Tukey’s multiple comparison test. The significance of differences
between the experimental group and the unimmunized control group is indicated by
asterisks, and the significance of no marker indicates no significance. *P < 0.05,
**P < 0.01, ***P < 0.005.
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Discussion
Owing to the global transmissionof SARS-CoV-2, the emergenceof variants
withmutations that promote immune escape is inevitable19–21, necessitating
the development of broad-spectrum vaccines to combat new variants. In
this study, we designed twomRNA vaccines by designing viral strains using
the RBD of the original Wuhan strain and key mutated sites from different
strains.

Broad-spectrum vaccines against SARS-CoV-2 are often produced
using S proteins frommultiple strains to createmultivalent vaccines, such as
the BNT162b2 BA.4/5 bivalent mRNA vaccine22, which has shown some
efficacy. However, with the continual emergence of new mutations, the
protective efficacy of these vaccines has diminished. Moreover, compared
with bivalent or multivalent mRNA vaccines, monovalent mRNA vaccines
reduce production complexity and, to some extent, lower production costs.

Fig. 5 | Results of EG.5.1 variant challenge in BALB/c mice after immunization.
a Schematic of BALB/c mouse viral infection. b Changes in the body weight of the
mice after infection. c Viral RNA load in the lungs on day 5 postinfection.
d Pathological scoring of the lung tissue. eHistopathological sections demonstrating
lung tissue damage. f Viral RNA load detected in nasopharyngeal swabs within five
days postinfection. g Viral RNA load detected in throat swabs within five days

postinfection. The data are expressed as the means ± SEMs. Statistical analysis was
conducted via one-way ANOVA and Tukey’s multiple comparison test. The sig-
nificance of differences between the experimental group and the unimmunized
control group is indicated by asterisks, and the significance of nomarker indicates no
significance. *P < 0.05, **P < 0.01, ***P < 0.005.
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An important question arises regarding whether there could be antigenic
interference among components in bivalent ormultivalentmRNAvaccines.
Therefore, we utilized theRBDof the prototype to retain essential conserved
residues and incorporatedkeymutations fromsignificant strains to enhance
the vaccine’s broad-spectrum efficacy.

We designed two distinct RBD vaccines by introducing various
mutations, resulting in notable differences in the antibody levels eli-
cited. Notably, BSCoV05 had unique mutations—L455F, F456L, and
F486V—compared with BSCoV06. The F486 mutation has been
observed in the BA.4/5 variant and all subsequent variants23, occurring
as a valine mutation only in the BA.4/5, BQ.1.1, and BF.7 variants.
There was no significant increase in broad-spectrum activity of
BSCoV05 compared with that of the BA.1 vaccine, suggesting that these

three mutations may not be critical antigenic epitopes. In contrast, the
introduction of the uniquemutationsH346T, L368I, V445P, and F490S
in BSCoV06 significantly altered the resulting antibody response.
H346T originates from BQ.1.124 and is also present in XBB.1, whereas
the L368I mutation is uniquely present in XBB.1. The introduction of
these mutations markedly enhanced the neutralizing activity of anti-
bodies against XBB and EG.524. These findings indicate that these four
mutations not only affect viral viability but also may represent
important antigenic sites. Structural predictions revealed no significant
structural changes due to mutations among the three vaccines, with
most mutations modifying the antigen surface. While the introduction
of these mutations significantly increased the broad-spectrum activity
of the vaccines against new strains, it resulted in a slight reduction in

Fig. 6 | Results of EG.5.1 variant challenge in K18-hACE2 mice after immuni-
zation. a Schematic of K18-hACE2 mouse viral infection. b Changes in the body
weights of the mice after infection. c Survival curve within five days postinfection.
d Viral RNA load in the lungs on day 5 postinfection. e Pathological scoring of lung
tissue. f Histopathological sections demonstrating lung tissue damage (Placebo:
n = 5, BSCoV 05, BSCoV06 andBA.1: n = 4). g Immunofluorescence of lung tissue in

K18-hACE2 mice. The data are expressed as the means ± SEMs. Statistical analysis
was conducted via one-way ANOVA and Tukey’s multiple comparison test. The
significance of differences between the experimental group and the unimmunized
control group is indicated by asterisks, and the significance of nomarker indicates no
significance. *P < 0.05, **P < 0.01, ***P < 0.005.
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neutralizing activity against old strains, such as the original strain and
the alpha and beta variants.

Previous mRNA vaccines targeting SARS-CoV-2 typically required
two immunizations25–27. In BALB/c mice, preliminary results revealed that
neutralizing antibody levels remained relatively low after two immuniza-
tions (Supplementary Fig. 7). The serum-neutralizing activity induced by
the vaccine is directly related to the vaccine’s protective efficacy, prompting
a third immunization. Following two booster immunizations, neutralizing
antibody levels significantly increased, with GMTs reaching as high as 104,
and neutralizing activity against other strains also markedly improved.
Additionally, we observed a decline in antibody levels in some groups on
days 28 and 42 (Fig. 2c, e), indicating that antibody levelsmaywane after the
initial immunization. This further underscores the importance of a second
booster immunization. Thus, the third immunization is crucial for
increasing neutralizing antibody production.

Prior studies have indicated that clearance of the virus after SARS-
CoV-2 infection plays a key role and that administering T-cell vaccines
in the absence of neutralizing antibodies can protect mice from SARS-
CoV-2 infection28,29. The cellular immune responses induced by
BSCoV05 and BSCoV06 were not particularly strong and were even
weaker than those induced by the BA.1 vaccine, potentially due to
mutations altering certain T-cell epitopes. In BALB/c mice, although the
GMT for neutralizing antibodies against EG.5.1.1 reached 103, the lung
RNA load significantly decreased after the challenge but was not com-
pletely eliminated, which may be related to insufficient cellular immu-
nity. In K18-hACE2mice, neutralizing antibody levels were significantly
lower than those in BALB/c mice, yet both groups protected the mice
from death postinfection, with reduced lung viral loads. This finding
suggests that non-neutralizing antibodies may also play a role in anti-
viral immunity via Fc mechanisms. Previous studies have shown that
vaccination and infection can elicit antibodies with Fc effector functions,
such as antibody-dependent cellular cytotoxicity (ADCC) and antibody-
dependent cellular phagocytosis (ADCP)30. In recovering individuals,
antibodies with Fc effector functions appear to be more stable than
neutralizing antibodies, and these antibodies provide protection against
SARS-CoV-2 across various animal models30. Moreover, although
vaccine-associated enhanced respiratory disease has been linked to Th2-
biased CD4+ T-cell responses, no such phenomenon was observed
among the three vaccines in this study31.

This study has several limitations. First, the experiments were con-
ducted on mice without further evaluation of the vaccine in other animal
models, and the number of animals used in each group was limited, leading
to considerable individual variability in some groups. Second, neutralization
experiments involving new live viruses, such as JN.1 and KP.2, are lacking,
and the challenge strains used were somewhat singular. Additionally, the
mechanisms underlying the broad-spectrum immunity of the vaccineswere
not explored in depth. Nevertheless, this study serves as a preliminary
exploration of the feasibility of designing a broad-spectrum SARS-CoV-2
vaccine, warranting further investigation.

Methods
Virus and cells
The SARS-CoV-2 variants used in this study were all sourced from the
National Kunming High-level Biosafety Primate Research Center. All
experiments involving the engineered viruses were conducted in BSL-3/4
laboratories, strictly following relevant regulations. Prior to experimenta-
tion, viral titers were confirmed through control assays. The Vero cells and
293T-hACE2 cells used in this study were both obtained from our
laboratory’s stock.

Animals and ethics statements
The 6- to 8-week-old female BALB/c mice used in the experiments were
obtained from the Institute of Medical Biology, Chinese Academy of
Medical Sciences (Production License SCXK (DIAN) 2022-0002). and The
6- to 8-week-old female K18-hACE2were obtained from Jiangsu Jitui Kang

Biotechnology Co., Ltd. (the animal production license SCXK (SU) 2023-
0009). Animal experiments were approved by the Animal Experiment
Ethics Committee of the Institute of Medical Biology (license
DWSP202308005) and conducted in accordancewith theGuidelines for the
Care and Use of Laboratory Animals established by the National Institutes
of Health.

In the mouse experiment, the total number of mice used was 197.
Specifically, for each immunogenicity experiment, 5 mice were utilized, for
Elispots: 5 mice, for the true virus and pseudo virus neutralizing antibody
assays 5 mice, for the challenge experiment 5 mice, and for cytokine
detection 4 mice, totaling 24 mice. Across 7 groups, a total of 168 BALB/c
mice were employed. In the K18-hACE2 mouse model, the placebo group
consisted of 5 mice, while the remaining 6 groups each contained 4 mice,
summing up to 29 mice.

During animal experiments, anesthesia is required prior to the pro-
cedures.Mice are anesthetized in a sealed chamber using isoflurane gas until
they are completely unconscious. The dosage varies due to individual dif-
ferences and is determined by observing whether the mice have lost con-
sciousness. Subsequently, blood collection and other experimental
operations are performed.When the endpoint of the experiment is reached,
euthanasia is conducted: themice are anesthetized with isoflurane and then
subjected to cervical dislocation, followed by dissection.

mRNA vaccines
The designed RBD sequence was subsequently cloned and inserted into a
plasmid containing a T7 promoter, 5’UTR, 3’UTR, and PolyA tail. In vitro,
transcription reactions were performed using a commercial kit (NEB, Cat#
2080S) to produce the mRNA, which was then encapsulated in LNPs
composed of ionizable lipids, DSPC, cholesterol, and PEG2000-DMG.

The preparation of lipid nanoparticles and testing of encapsula-
tion efficiency
The prepared mRNA is dissolved in a citrate buffer solution (50 mM,
pH = 4) and adjusted to a concentration of 108 ng/μL to prepare the
buffer phase. The lipid SM102, DMG-PEG2000, DSPC, and cholesterol
are dissolved in ethanol at a molar ratio of 50:1.5:10:38.5 to prepare a
lipidmixture solutionwith a total lipid concentration of 16 mM,which is
prepared as the ethanol phase. Subsequently, a microfluidic method is
used to mix the buffer phase with the ethanol phase in a volume ratio of
3:1 to obtain LNPs. The resulting LNPs are processed with a 100 KD
ultrafiltration tube, and the ethanol is replaced and diluted using a
20 mM Tris-HCl buffer to obtain mRNA-LNPs. Encapsulation effi-
ciency testing is performed using a commercial assay kit (ThermoFisher,
R11490) following the manufacturer’s instructions for preparing a
standard curve. Free RNA is measured using the standard curve, and
total RNA is measured after disrupting the LNPs with Triton X-100. The
encapsulation efficiency is calculated as follows:

Encapsulation efficiencyð%Þ ¼ Total RNA� Free RNA
Total RNA

× 100%

Animal immunizations and SARS-CoV-2 challenge
Six- to eight-week-old female and healthy BALB/c mice and K18-hACE2
mice were immunized on days 0, 14, and 28. Serum samples were collected
on days 14, 21, 28, 35, and 42 to measure S protein-binding antibodies, and
serum from day 42 was used for live virus neutralization assays. Spleen
lymphocytes fromBALB/cmiceonday42were collected forELISpot assays.
At 63days postimmunization, bothBALB/cmice andK18-ACE2micewere
intranasally administered 100 µL (5 × 105 TCID50 for K18-hACE2;
1 × 105 TCID50 for BALB/c) of the EG.5.1 strain virus, followed by con-
tinuous observation for 5 days, during which changes in body temperature
andweightwere recorded and nasopharyngeal swabswere collected.On the
fifth day, the mice were euthanized to assess the lung viral load and
pathological damage, and Tris-HCl was used as the placebo. During the
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experimental process, any deaths of animals that occur under abnormal
conditions, such as those resulting from fighting, are excluded from the
experimental results. The study proceeds normally, and all individuals are
included in the final results.

Cytokine and chemokine analysis
Themouse cytokine 23-Plex immunoassay was conducted using a Bio-Plex
Pro assay kit following the manufacturer’s protocol for the Bio-Plex system
(Bio-Rad). The Tris-HCl group served as the control group.. The inflam-
matory cytokines analyzed included eotaxin, G-CSF, GM-CSF, IFN-γ, IL-
1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-12 (p70), IL-13,
IL-17A, KC, MCP-1, MIP-1α, MIP-1b, RANTES, and TNF-α.

ELISA for RBD-specific binding antibodies
A 96-well plate (442404, Thermo Fisher Scientific) was coated overnight at
4 °C with 1 μg/mL BA.2 The RBD protein (440592-V08H123, Sino Biolo-
gical) was used. After being washed three times with PBS containing 0.05%
Tween-20 (PBST), the plate was blocked for 1 h at 37 °C with PBS con-
taining 2% BSA. Serum samples were diluted 1:200 in dilution buffer (0.5%
BSA in PBST), and 100 μL of each dilutionwas added to thewells. The plate
was incubated for 1 h at 37 °C, followed by three washes with PBST. HRP-
conjugated goat anti-mouse IgG (A-10668, Invitrogen)was diluted 1:25,000
in sample dilution buffer, and 100 μL was added to each well. The plate was
incubated again for 1 h at 37 °C and washed three times with PBST. Sub-
sequently, 100 μL of substrate solution (34028, Thermo Fisher Scientific)
was added to the wells, which were subsequently incubated at room tem-
perature for 15min. The reaction was terminated with a stop solution
(C1058, Solarbio). The absorbance was measured at 450 nm and 630 nm.
Wells without serum samples served as blank controls, with the threshold
set at 2.1 times the control value forpositive results. The titer ofRBD-specific
IgGwas determined as the reciprocal of the highest serum dilution at which
the OD450–630 nm was equal to or greater than the cutoff value
(OD450–630 nm > 0.1).

Authentic virus neutralization experiment
Mouse serum was initially diluted 1:16 and then subjected to twofold serial
dilutions, with a volume of 50 μL per well. The SARS-CoV-2 virus was
diluted in a maintenance medium to a titer of 100 TCID50/50 μL. Equal
volumes of the diluted virus mixture were added to the serum at different
dilutions. Themixturewas gentlymixedwith a pipette and incubated for 1 h
at 37 °Cwith 5%CO2.Vero cellswere digested, counted, and resuspended at
a concentration of 100,000 cells/mL. Subsequently, 100 μL of Vero cells
(10,000 cells/well) was added to the virus-serummixture in a 96-well plate,
which was incubated at 37 °Cwith 5%CO2. Cytopathic effects (CPEs) were
observed daily, and the final results were determined on day 7. The reci-
procal of the serum dilution that could protect 50% of the cells from CPE
was defined as the antibody titer.

Pseudovirus neutralization experiment
The serum to be tested was heat-inactivated at 56 °C for 30min. Starting
with an initial dilution of 1:20, the serum was serially diluted threefold in a
96-well plate, resulting in a final volume of 100 μL of medium per well. The
pseudovirus titer was diluted to 2 × 106 TCID50/mL in complete medium,
and aftermixingwith serum, 50 μLwas added to eachwell and incubated at
37 °C for 1 h. Additionally, 100 μL of medium mixed with the pseudovirus
was used as a positive control. hACE2-293T cells were digested and sus-
pended at a density of 5 × 105 cells/mL, with 100 μL added to eachwell, and
incubated in a 5%CO2 incubator for 48 h. Themediumwas discarded, and
100 μLofDPBSwas added to eachwell, followedby the additionof 100 μLof
luciferase detection reagent (6066769, PerkinElmer). After 3min, the rela-
tive light units were measured to determine the luciferase activity. Neu-
tralizing antibodies were determined as the serum dilution that inhibited
50% of the luciferase activity, indicating neutralization of 50% of the viral
infection.

ELISPots assay
ELISPots assays were performed according to the manufacturer’s instruc-
tions (Mabtech). In brief, after the mice were euthanized, the spleens were
harvested, and a single-cell suspension was obtained through mechanical
disruption using a cell strainer. Lymphocytes were then isolated following
the protocol provided with the isolation kit (P8860, Solarbio). ELISPOT
plates (3321-4APT-10, 3441-4APW-10, 3311-4APW-2, Mabtech) were
precoated and equilibrated according to the instructions. The isolated
lymphocytes were counted and plated, followed by the addition of stimuli
(1.5 µg/well), with wells without stimuli serving as negative controls and
PHA-stimulatedwells serving as positive controls. After 32 h of stimulation,
subsequent processing was carried out according to the kit instructions.

Tissue immunofluorescence
Tissues collected 5 days postviral infection were fixed in 4% paraformalde-
hyde solution for 3 days, embedded in paraffin, and sectioned at a thickness
of 5μm.Deparaffinizationwasperformedby threewashes in xylene followed
by rehydration in an ethanol series (100%, 95%, 85%, and 75%) and distilled
water/PBSwashes.The sectionswere subjected to antigen retrieval byheating
in an antigen retrieval solution at 100 °C, followedby cooling for 20min after
three cycles of heating for 3min each. After being washed three times with
PBS, the sectionswere permeabilizedwith 0.5%TritonX-100 inPBS at room
temperature for 30min, blockedwith goat serum for 1 h, and then incubated
overnight at 4 °C with a primary antibody against nucleocapsid protein.
Following three washes with PBST, the sections were incubated in the dark
withfluorescent secondary antibodies for 1 h.After beingwashedwithPBST,
the sections were mounted with a mounting medium containing DAPI and
scanned using 3DHISTECH for analysis.

Histopathology
The tissuewasfixed in10%formalin for threedays.Afterbeing embedded in
paraffin, the tissue was sectioned into 5 μm-thick slices and subjected to
hematoxylin and eosin (HE) staining. The sections were scanned and
analyzed using 3DHISTECH. An experienced pathologist evaluated the
HE-stained sections via the CaseViewer software provided by the manu-
facturer for scoring purposes. The scoring criteria included inflammatory
cell infiltration, pulmonary hemorrhage, vascular thrombosis, bronchial
obstruction, protein exudation, thickening of the alveolar walls, and con-
solidation. The scores for each criterion were summed to obtain a total
pulmonary pathology score.

Statistical analysis
Statistical analysis and graphing of the data were conducted using Excel,
GraphPad Prism 8.0.2, and Origin 2024. The values are presented as the
means ± standard errors of themeans (SEMs).One-way analysis of variance
(ANOVA) combinedwithTukey’s post hoc testwas employed todetermine
the most significant differences between groups, and P < 0.05 was con-
sidered statistically significant.

Data availability
No datasets were generated or analyzed during the current study.

Code availability
No unreported custom computer code or algorithm has been used to
generate or process the data presented in the manuscript.
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