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Abstract
Background  The SARS-CoV-2 virus has continuously evolved, with new variants like Delta, Omicron-BA.5, and 
XBB-EG.5 posing challenges to vaccine efficacy. mRNA vaccines have emerged as a promising tool due to their rapid 
development and adaptability. This study evaluates the protective efficacy of six novel mRNA vaccine candidates 
against these variants using a golden hamster model.

Methods  Six mRNA vaccines were designed, targeting the spike (S) and nucleocapsid (N) proteins of SARS-
CoV-2. The vaccines were tested on golden hamsters, which were immunized and then challenged with Delta, 
Omicron-BA.5, and XBB-EG.5 variants. Key outcomes measured included body weight, viral RNA loads in various 
tissues, cytokine levels, and lung tissue pathology.

Results  Hamsters vaccinated with the novel mRNA vaccines showed reduced weight loss, lower viral RNA loads 
in throat swabs and lung tissues, and reduced levels of pro-inflammatory cytokines compared to control groups. 
Additionally, vaccinated animals exhibited significantly less lung damage as evidenced by both histological 
and immunofluorescence analyses, especially in groups vaccinated with RBD-Fe, RE-N, and COVID-19 epitope 
formulations.

Conclusions  These mRNA vaccines demonstrated broad protective efficacy against multiple SARS-CoV-2 variants. 
They elicited immune responses, reduced viral RNA loads, and mitigated inflammatory and pathological damage, 
highlighting their potential in combating rapidly evolving SARS-CoV-2 variants.
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Introduction
SARS-CoV-2 (Severe Acute Respiratory Syndrome Coro-
navirus 2) is a single-stranded positive-sense RNA virus, 
classified within the Betacoronavirus genus of the Coro-
naviridae family [1]. Identified in 2019, it is associated 
with COVID-19 (Corona Virus Disease 2019), a novel 
respiratory illness known for its high transmissibility and 
severe symptoms such as fever, cough, difficulty breath-
ing, and multi-organ failure [2, 3]. The virion of SARS-
CoV-2 is spherical, approximately 100 nanometers in 
diameter, and is enveloped by a lipid bilayer membrane. 
This shell includes spike (S) proteins, nucleocapsid (N) 
proteins, membrane (M) proteins, and envelope (E) pro-
teins, all of which play essential roles in viral assembly, 
replication, and immune evasion. The spike protein is 
particularly significant as it facilitates viral entry into host 
cells by binding to the ACE2 receptors on the surface of 
respiratory epithelial cells in humans and other mammals 
[4]. The genome of SARS-CoV-2 comprises about 30,000 
nucleotides, encoding various non-structural proteins, 
such as RNA polymerase, and multiple key structural 
proteins. These proteins enable rapid viral replication 
within the host and provoke a robust immune response, 
leading to a spectrum of clinical manifestations [5]. Due 
to its high infectivity and propensity for mutation, SARS-
CoV-2 continues to pose a substantial global public health 
threat. This has driven sustained international efforts 
among research institutions and companies to develop 
vaccines, explore therapeutic strategies, and establish 
effective control measures for long-term management of 
COVID-19 [6]. The deployment of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) vaccines 
has significantly reduced morbidity and mortality world-
wide [7]. However, the rapid evolution of SARS-CoV-2 
continually threatens to compromise the effectiveness of 
these preventive and therapeutic options [1]. The mRNA 
vaccine, a critical innovation for public health against 
the COVID-19 pandemic, has demonstrated remark-
able benefits [8]. It is noted for its rapid development, 
high customization potential, and scalable production. 
The mRNA vaccines operate based on fundamental bio-
logical principles, using synthetic mRNA molecules that 
encode viral proteins to stimulate the immune system 
to produce antibodies against these proteins. Upon vac-
cination, human cells read these mRNA instructions and 
produce viral surface antigens, such as the spike protein. 
These antigens are recognized as foreign substances by 
the body, triggering an immune response that includes 
the formation of memory B cells and T cells [9, 10]. Com-
pared to traditional inactivated or attenuated vaccine 
platforms, mRNA vaccines offer significant advantages. 
Firstly, they do not contain live virus, thereby reducing 
the risk of infection. Secondly, mRNA can be rapidly pro-
duced and easily modified to respond to viral mutations. 

Additionally, because mRNA does not replicate within 
the body, its safety profile is relatively high. These ben-
efits make mRNA technology an ideal choice for combat-
ing rapidly evolving viruses such as SARS-CoV-2 [11, 12]. 
In our study, we identified and selected the SARS-CoV-2 
spike (S) and nucleocapsid (N) proteins as targets, due 
to their critical roles in viral interaction with host cells 
and their strong immunogenic properties. By precisely 
designing mRNA sequences to encode the functional 
and structural regions of these proteins, we ensured that 
the vaccine would elicit a robust antibody response [13, 
14]. We employed chemical modifications to the mRNA 
to enhance its stability and translation efficiency, encap-
sulating it in lipid nanoparticles (LNPs). These nano-
carriers improve the delivery of mRNA to immune cells, 
increasing vaccine efficacy, while also slowing the degra-
dation of mRNA within the body, ensuring a sustained 
and long-lasting immune response [15–17].

The core mechanism of mRNA vaccines lies in their 
ability to stimulate both humoral and cellular immu-
nity to provide lasting protection post-vaccination [18]. 
Humoral immunity involves the production of specific 
IgG antibodies against the SARS-CoV-2 spike protein, 
which can prevent the virus from binding to host cells. 
Cellular immunity, on the other hand, involves T cell 
responses, particularly CD4+ and CD8+ T cells, which can 
directly attack virus-infected cells or assist B cells in anti-
body production [19]. Preclinical studies and early clini-
cal trials have extensively explored the immunogenicity 
of mRNA vaccines. These studies confirmed that mRNA 
vaccines induce a strong and lasting anti-spike protein 
response, demonstrating significant protective effects in 
mouse models. Large-scale, multicenter clinical trials, 
such as COVACTA and COMERCA, along with Phase 
III results from companies like Pfizer-BioNTech and 
Moderna, have shown that mRNA vaccines are equally 
effective in humans [20]. Real-world data further cor-
roborates the efficacy of mRNA vaccines. This evidence 
includes not only the prevention of infection post-vacci-
nation but also a significant reduction in hospitalization 
and mortality rates due to SARS-CoV-2. For instance, 
within months of vaccination, the risk of hospitalization 
among vaccinated individuals was reduced by approxi-
mately 50% compared to unvaccinated individuals, with a 
marked advantage in preventing severe cases and deaths 
[21, 22]. In conclusion, mRNA vaccines provide a robust 
tool for controlling the COVID-19 pandemic by inducing 
comprehensive immune responses. Their efficacy in both 
preclinical and real-world applications lays a solid foun-
dation for global public health strategies.

SARS-CoV-2 variants spread rapidly and exhibit sig-
nificant immune evasion. Currently, these variants 
coexist with humans, posing an ongoing threat to pub-
lic health. Most vaccines administered are based on the 
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original wild-type strains, which are less effective against 
emerging variants. Therefore, the development of a safe 
and effective SARS-CoV-2 vaccine that provides broad-
spectrum protection against these variants is of para-
mount importance for safeguarding public health. In 
this study, we designed and developed six novel SARS-
CoV-2 mRNA candidate vaccines targeting the spike (S) 
and nucleocapsid (N) proteins. These vaccines included 
RBD-Fe, RBD, 2RBD, and ubiquitinated WT-N, RE-N, 
and COVID-19 epitopes. The vaccines were expressed in 
a eukaryotic expression system and combined with the 
lipid nanoparticle material SM102 to facilitate delivery. 
The immune protection mediated by both humoral and 
cellular immune responses was systematically analyzed. 
In addition, the vaccine was tested against four different 
SARS-CoV-2 strains: wild-type (WT), Delta, Omicron-
BA.5, and XBB-EG.5 variants, and the protective efficacy 
was evaluated using the golden hamster model. The aim 
of this study was to develop a new SARS-CoV-2 mRNA 
vaccine with broad cross-protection against emerging 
variants, providing a strong defense against the ongoing 
evolution and mutation of the virus, and offering signifi-
cant potential for controlling the spread of the pandemic 
and safeguarding public health.

Materials and methods
Cells, golden hamsters, and virus
293T cells were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS) at 37  °C. The SARS-
CoV-2 Delta strain (CSTR.16698.06. NPRC6. CCPM-
B-V-049-2105-6) was provided by Zhengfeng Qin. The 
SARS-CoV-2 Omicron-BA.5 strain (SARS-CoV-2 strain 
Omicron CoV/human/CHN_CVRI-12/2022) and SARS-
CoV-2 XBB-EG.5 strain (SARS-CoV-2 strain EG.5.1.1 
CoV/human/CHN_CVRI-06/2023) were isolated from 
patients. Specific pathogen-free male golden hamsters 
were obtained from Jilin Jintai Medicine Technology Co., 
Ltd. All animal studies were conducted in an Animal Bio-
safety Level 3 (ABSL-3) facility.

Design and Preparation of mRNA vaccines
Based on previous studies, RBD-Fe, RBD, 2RBD, WT-N, 
RE-N, and COVID-19 epitope mRNA vaccines were 
developed using a microfluidic device by optimizing 
mRNA sequence design, selecting appropriate nucleotide 
modifications, and improving lipid nanoparticle (LNP) 
formulations [17]. The mRNA sequences were designed 
to encode key SARS-CoV-2 proteins (spike and nucleo-
capsid proteins), with the nucleocapsid protein modified 
by ubiquitination. Specifically, the isopeptidase site resi-
due G76 was replaced with non-cleavable valine residues 
(UbVR and UbVV) to enhance mRNA stability and trans-
lational efficiency [23]. Additionally, the vaccine formula-
tion ensures long-term storage stability, immunogenicity, 

and durability. Briefly, the T7-FlashScribe Transcription 
Kit (CELLSCRIPT, Madison, WI, USA) was used to tran-
scribe linearized pGEM-3Zf-n3 plasmids encoding lucif-
erase (Luc), RBD-Fe, RBD monomer, RBD dimer (2RBD), 
ubiquitin-induced wild-type N protein (WT-N), recom-
binant N protein (Re-N), and COVID-19 epitopes using 
T7 RNA polymerase. The mRNA was capped with the 
ScriptCap™ Cap 1 Capping System (CELLSCRIPT, WI, 
USA) and purified using the MEGAclear Transcription 
Clean-Up Kit (ThermoFisher Scientific, Waltham, MA, 
USA). Purified mRNA was stored at -80 °C until further 
use. The mRNA was encapsulated in lipid nanoparticles 
(LNPs) with the composition SM-102: DSPC: CHO-
HP: DSPE-MPEG2000 (mol: mol = 50: 10: 38.5: 1.5, N: 
P = 5.67: 1) using a microfluidic device to rapidly mix 
the mRNA aqueous solution and lipid solution, with a 
syringe pump infusing ethanol and aqueous phases at 
a 3:1 ratio. Concentration was performed using a 10kD 
ultrafiltration device (Millipore, Billerica, MA, USA). 
DOTAP and DOPE were purchased from Shanghai Aviva 
Pharmaceuticals, and DSPE-MPEG2000 was purchased 
from Xi’an Rui Xi Biotechnology Co., Ltd.

Animal immunization protocol
Four-week-old male golden hamsters were randomly 
divided into nine groups, with five hamsters per group, 
including six immunization groups (LNP/RBD-Fe, LNP/
RBD, LNP/2RBD, LNP/WT-N, LNP/RE-N, and LNP/
COVID-19 epitopes) and three control groups (LNP/Luc, 
LNP alone, and PBS alone). There were 9 groups in each 
batch, with a total of 3 batches of 135 mice. Each batch 
was challenged with SARS-CoV-2 Delta, SARS-CoV-2 
Omicron-BA.5 and SARS-CoV-2 XBB-EG.5. The vac-
cines were administered intramuscularly on days 0, 14, 
and 28, with the immunization groups receiving 12  µg 
mRNA. Control groups received 12  µg LNP or PBS. 
Forty-two days post-initial immunization, each hamster 
was anesthetized by isoflurane inhalation and challenged 
with 1 × 105 TCID50 SARS-CoV-2 virus via nasal drops. 
Weight and survival were monitored on days 1, 3, and 
5 post-challenge. Throat swabs were collected on days 
3 and 5 post-infection for viral load detection (N and E 
genes). On day 5 post-infection, lung, nasal turbinate, and 
trachea samples were collected for viral load assessment 
(N and E genes), inflammatory cytokine transcription 
levels (IL-1β, IL-6, MCP-1, TNF-α, CCL3, CCL5), and 
protein expression levels (IL-1β, IL-2, IL-6, IL-10, IFN-γ, 
TNF-α). Remaining lung tissue was used for pathologi-
cal and immunofluorescence analyses. All experimental 
procedures (including vaccine administration and viral 
infection) were conducted under anesthesia to ensure 
the animals’ comfort and to avoid stress responses. Iso-
flurane was used as the anesthetic agent, with a concen-
tration of 5% for induction and 2–3% for maintenance, 
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administered via a sealed anesthesia box. At the end of 
the experiments, the hamsters were euthanized under 
anesthesia. During euthanasia, Isoflurane was also used, 
with a concentration of 5% for deep anesthesia, followed 
by cervical dislocation while in a deep anesthetic state. 
All procedures conformed to the guidelines set by the 
Animal Ethics Committee.

ELISA
Cytokines IL-1β, IL-2, IL-6, IL-10, IFN-γ, and TNF-α in 
hamster lung homogenates were measured using ELISA 
kits from Shanghai Hengyuan Biotechnology Co., Ltd., 
according to the manufacturer’s instructions.

RNA extraction
RNA was extracted from hamster throat swabs, lung, 
nasal turbinate, and trachea using the TotalRNAExtractor 
kit. Tissue samples were homogenized with TotalRNAEx-
tractor, and throat swabs were mixed with TotalRNAEx-
tractor and incubated at room temperature for 5–10 min. 
Chloroform was added, and samples were centrifuged 
at 4  °C. The aqueous phase was collected, mixed with 
anhydrous ethanol, and loaded onto an adsorption col-
umn, followed by centrifugation and washing with RPE 
Solution. RNA was eluted with DEPC-treated water and 
stored at -80 °C.

qPCR
RNA extracted from hamster throat swabs, lung, nasal 
turbinate, and trachea was subjected to qPCR using the 
UNlQ-10 Column Trizol Total RNA Isolation Kit (San-
gon Biotech, Shanghai). HiScript II U + One Step qRT-
PCR Probe Kit and HiScript II One Step qRT-PCR SYBR 
Green Kit (Vazyme, China) were used for qPCR, with 
probes and primers synthesized by Jilin Kumei Biotech-
nology Co., Ltd. Specific probes and primers were shown 
in Table 1.

Pathological analysis
Hamster lung tissues were fixed in 10% neutral-buffered 
formalin for 24  h, dehydrated, embedded in paraffin, 
and sectioned at 4  μm thickness. Sections were stained 
with hematoxylin and eosin (H&E) and examined under 
a light microscope to evaluate tissue structure and 
inflammation.

Immunofluorescence
Lung tissues were fixed in 4% paraformaldehyde for 4 h, 
dehydrated overnight, embedded in OCT, and sectioned 
at 5 μm thickness. Sections were washed with PBS, per-
meabilized with 0.1% Triton X-100, and blocked with 10% 
goat serum. They were then incubated with primary anti-
body against SARS-CoV-2 spike protein (Sinobiological, 
40589-T62) and fluorescent secondary antibody, followed 
by DAPI nuclear staining. Fluorescence microscopy was 
used to observe and quantify spike protein expression.

Statistical analysis
All data are presented as mean ± standard deviation 
(SD). Statistical analyses were performed using one-
way ANOVA with GraphPad Prism 10.2.1. P-values are 
indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001.

Results
Evaluation of protective efficacy against SARS-CoV-2 Delta 
variant
In this study, we evaluated the protective efficacy of novel 
mRNA vaccines against the SARS-CoV-2 Delta vari-
ant in the golden hamster model. Results indicated that 
hamsters vaccinated with RBD-Fe, RBD, 2RBD, WT-N, 
RE-N, and COVID-19 epitope vaccines maintained more 
stable body weights post-infection (Fig.  1A), whereas 
the control groups (Luc, LNP, and PBS) experienced sig-
nificant weight loss, suggesting that vaccination helped 
prevent the infection-associated weight loss. Viral RNA 
load analysis revealed that vaccinated hamsters had sig-
nificantly lower viral RNA loads in throat swabs on days 
3 and 5 post-infection compared to controls (Fig. 1B and 
C). Notably, the RBD-Fe, RBD, 2RBD, WT-N, RE-N and 
COVID-19 epitope groups exhibited significantly lower 

Table 1  The primer sequences for qPCR
Primers Sequence (5’ → 3’)
IL-6-F TGTCTTCTTGGGACTGCTGC
IL-6-R CCAAACCTCCGACTTGTTGA
TNF-α-F AGAATCCGGGCAGGTCTACT
TNF-α-R TATCCCGGCAGCTTGTGTTT
MCP-1-F TCCTGCAAGTCAATCCTGCC
MCP-1-R GAAGTGATGGAGAGACGGGC
IL-1β-F TGAGGTTGACGGGCTCCAAAA
IL-1β-R ACAGGGGTGTTCCACAGCTT
CCL-3-F GGTCCAAGAGTACGTCGCTG
CCL-3-R GAGTTGTGGAGGTGGCAAGG
CCL-5-F ACTGCCTCGTGTTCACATCA
CCL-5-R TTCGGGTGACAAAAACGACT
GAPDH-F AACTTTGGCATTGTGGAAG
GAPDH-R CGACATGTGAGATCCACGAC
β-actin-F CCATTGGCAACGAGCGGTT
β-actin-R CCACAGGATTCCATACCCAGGAAG
COVID-19 N-F GGGGAACTTCTCCTGCTAGAAT
COVID-19 N-R CAGACATTTTGCTCTCAAGCTG
COVID-19 N-P TTGCTGCTGCTTGACAGATT
COVID-19 sgE-F CGATCTCTTGTAGATCTGTTCTC
COVID-19 sgE-R ATATTGCATTGCAGCAGTACGCACA
COVID-19 sgE-P ACACTAGCCATCCTTACTGCGCTTCG
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viral RNA loads, indicating effective suppression of viral 
replication. Viral RNA load assessments in the lungs, 
nasal turbinates, and trachea showed that vaccinated 
groups had significantly lower viral RNA loads compared 
to controls (Figs.  1D-I). In particular, the lungs of the 
RBD-Fe, RBD, 2RBD, WT-N, RE-N and COVID-19 epi-
tope groups showed markedly reduced viral RNA loads, 
demonstrating significant inhibition of viral replication. 
Similar trends were observed in nasal turbinates and tra-
chea, with vaccinated groups showing significantly lower 
viral RNA loads than controls. Immunofluorescence 
analysis further validated these results. Vaccinated ham-
sters displayed fewer SARS-CoV-2 S protein antigen sig-
nals in lung tissues (Fig. 1J and K), especially in the 2RBD, 
RE-N and COVID-19 epitope groups, indicating effective 
inhibition of the virus in the lungs.

Inflammatory response and pathological damage induced 
by SARS-CoV-2 Delta variant
We also assessed the impact of novel mRNA vaccines 
on the inflammatory response and pathological damage 
caused by the SARS-CoV-2 Delta variant in the golden 
hamster model. Results showed that vaccinated hamsters 
had significantly lower expression levels of inflammatory 

cytokines in lung tissues post-infection compared to 
controls (Luc, LNP, and PBS). qPCR analysis indicated 
that vaccinated hamsters had significantly reduced gene 
expression of inflammatory cytokines IL-1β, TNF-α, 
IL-6, MCP-1, CCL3, and CCL5 in lung tissues post-infec-
tion (Figs. 2A-F). Particularly, the RBD-Fe, 2RBD, RE-N 
and COVID-19 epitope groups exhibited significantly 
lower expression levels of these cytokines, indicating 
effective mitigation of lung inflammation. ELISA analy-
sis confirmed these findings, showing significantly lower 
protein levels of IL-1β, IL-6, IFN-γ, and TNF-α in the 
lung tissues of vaccinated hamsters (Figs. 2H-M). Nota-
bly, IL-6 and TNF-α, key pro-inflammatory cytokines, 
were significantly reduced in the RBD-Fe, RBD, 2RBD, 
RE-N and COVID-19 epitope groups, while expression 
levels of anti-inflammatory cytokine IL-10 and regulatory 
cytokine IL-2 were significantly increased, demonstrat-
ing the potential of these vaccines to reduce inflamma-
tory responses. H&E staining and pathological scoring 
analysis showed that pathological damage in the lung 
tissue of vaccinated hamsters was significantly alleviated 
(Fig. 2G and N). Compared to the control group, the vac-
cinated group exhibited more intact lung tissue structure, 
reduced inflammatory cell infiltration, less tissue damage, 

Fig. 1  Protective effects of novel mRNA vaccines against the SARS-CoV-2 Delta strain. (A) Weight change rate in golden hamsters infected with the 
SARS-CoV-2 Delta strain. Viral load analysis in hamsters post-infection with SARS-CoV-2 N and E genes: (B) Throat swab N, (C) Throat swab E, (D) Lung N, 
(G) Lung E, (E) Nasal turbinate N, (H) Nasal turbinate E, (F) Trachea N, (I) Trachea E. (J) Immunofluorescence analysis of SARS-CoV-2 S protein in hamster 
lung tissues. (K) Quantitative analysis of spike protein fluorescence intensity in the lung, showing the mean fluorescence intensity. *P<0.05, **P<0.01, 
***P<0.001, ****P < 0.0001

 



Page 6 of 14Yu et al. Virology Journal          (2025) 22:159 

decreased perivascular edema, mild thickening of the 
alveolar walls, and reduced vascular congestion in the 
interstitium. In contrast, the control group showed evi-
dent pathological damage, including extensive inflamma-
tory cell infiltration and disruption of tissue architecture. 
Particularly, the RBD-Fe, RE-N and COVID-19 epitope 
groups maintained better structural integrity in lung tis-
sues, indicating significant protective effects.

Evaluation of protective efficacy against SARS-CoV-2 
Omicron-BA.5 variant
We evaluated the protective efficacy of novel mRNA vac-
cines against the SARS-CoV-2 Omicron-BA.5 variant in 
the golden hamster model. Results indicated that vac-
cinated hamsters experienced less weight change post-
infection compared to control groups (Luc, LNP, and 

PBS), which showed significant weight loss (Fig.  3A). 
This finding suggests that vaccination with these vaccines 
effectively reduces weight loss associated with infection 
by the Omicron-BA.5 variant. Viral RNA load analysis 
revealed significantly lower viral RNA loads in throat 
swabs of vaccinated groups on days 3 and 5 post-infec-
tion compared to controls (Fig. 3B and C), with RBD-Fe, 
RE-N and COVID-19 epitope groups showing significant 
viral suppression. Further tissue viral RNA load analy-
sis indicated that vaccinated hamsters had significantly 
lower viral RNA loads in the lungs (Fig. 3D and G), nasal 
turbinates (Figs.  3E and H), and trachea (Fig.  3F and I) 
compared to controls, particularly in the RBD-Fe, 2RBD, 
RE-N and COVID-19 epitope groups, demonstrat-
ing effective viral inhibition in multiple respiratory tis-
sues. Immunofluorescence analysis showed a significant 

Fig. 2  Inflammatory response and pathological damage analysis of novel mRNA vaccines against the SARS-CoV-2 Delta strain. qPCR analysis of relative 
expression of inflammatory cytokines in lung tissues of hamsters infected with the SARS-CoV-2 Delta strain: (A) IL-1β, (B) TNF-α, (C) IL-6, (D) MCP-1, (E) CCL-
3, (F) CCL-5. ELISA analysis of cytokine expression in hamster lung tissues: (H) IL-2, (I) IL-1β, (J) IL-6, (K) IL-10, (L) IFN-γ, (M) TNF-α. (G) Pathological damage 
analysis of hamster lungs (H&E staining). (N) Blinded sections were evaluated to determine pathological severity. To assess overall histological changes, 
lung tissue sections were scored according to criteria specified by the expert panel. The scoring system used was as follows: 0, no pathological changes; 1, 
affected area (≤ 20%); 2, affected area (≤ 50%, > 20%); 3, affected area (> 50%, ≤ 80%); 4, affected area (> 80%). *P<0.05, **P<0.01, ***P<0.001, ****P < 0.0001

 



Page 7 of 14Yu et al. Virology Journal          (2025) 22:159 

reduction in SARS-CoV-2 S protein presence in the lung 
tissues of vaccinated hamsters (Fig. 3J and K). The 2RBD, 
RE-N and COVID-19 epitope groups exhibited a notable 
decrease in viral antigens in lung tissues, further con-
firming the protective effects of these vaccines.

Inflammatory response and pathological damage induced 
by SARS-CoV-2 Omicron-BA.5 variant
Additionally, we assessed the impact of novel mRNA 
vaccines on the inflammatory response and pathological 
damage caused by the SARS-CoV-2 Omicron-BA.5 vari-
ant in the golden hamster model. Results showed signifi-
cantly lower expression levels of inflammatory cytokines 
in lung tissues of vaccinated hamsters post-infection 
compared to controls (Luc, LNP, and PBS). qPCR analy-
sis indicated that vaccinated groups had significantly 
reduced gene expression of inflammatory cytokines 
IL-1β (Fig. 4A), TNF-α (Fig. 4B), IL-6 (Fig. 4C), MCP-1 
(Fig.  4D), CCL3 (Fig.  4E), and CCL5 (Fig.  4F) in lung 
tissues post-infection. Particularly, the RBD-Fe, 2RBD, 
RE-N and COVID-19 epitope groups exhibited signifi-
cantly lower expression levels of these cytokines, indi-
cating effective reduction of lung inflammation. ELISA 
analysis confirmed these findings, showing significantly 

lower protein levels of IL-1β (Fig.  4I), IL-6 (Fig.  4J), 
IFN-γ (Fig.  4L), and TNF-α (Fig.  4M) in lung tissues of 
vaccinated hamsters. The expression of regulatory cyto-
kines IL-2 (Fig. 4H) and IL-10 (Fig. 4K) was significantly 
increased in vaccinated groups, demonstrating the poten-
tial of these vaccines to reduce inflammatory responses. 
H&E staining and pathological scoring analysis showed 
significantly less pathological damage in the lung tissues 
of vaccinated hamsters (Fig.  4G and N). Compared to 
the control group, the vaccinated group exhibited more 
intact lung tissue structure, reduced inflammatory cell 
infiltration, less tissue damage, mild thickening of the 
alveolar walls, decreased alveolar expansion, reduced 
hemorrhage in the bronchioles, and less epithelioid cell 
proliferation. In contrast, the control group showed 
pronounced pathological damage, including extensive 
inflammatory cell infiltration and disruption of tissue 
architecture.

Evaluation of protective efficacy against SARS-CoV-2 
XBB-EG.5 variant
We also evaluated the protective efficacy of novel mRNA 
vaccines against the SARS-CoV-2 XBB-EG.5 variant 
in the golden hamster model. Results indicated that 

Fig. 3  Protective effects of novel mRNA vaccines against the SARS-CoV-2 Omicron-BA.5 strain. (A) Weight change rate in golden hamsters infected with 
the SARS-CoV-2 Omicron-BA.5 strain. Viral load analysis in hamsters post-infection with SARS-CoV-2 N and E genes: (B) Throat swab N, (C) Throat swab E, 
(D) Lung N, (G) Lung E, (E) Nasal turbinate N, (H) Nasal turbinate E, (F) Trachea N, (I) Trachea E. (J) Immunofluorescence analysis of SARS-CoV-2 S protein 
in hamster lung tissues. (K) Quantitative analysis of spike protein fluorescence intensity in the lung, showing the mean fluorescence intensity. *P<0.05, 
**P<0.01, ***P<0.001, ****P < 0.0001
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vaccinated hamsters maintained stable body weights 
post-infection compared to control groups (Luc, LNP, 
and PBS), which showed significant weight loss (Fig. 5A). 
This finding suggests that vaccination with these vaccines 
effectively reduces weight loss associated with infec-
tion by the XBB-EG.5 variant. Viral RNA load analysis 
revealed significantly lower viral RNA loads in throat 
swabs of vaccinated hamsters on days 3 and 5 post-infec-
tion compared to controls (Fig. 5B and C), with 2RBD and 
COVID-19 epitope groups exhibiting strong viral sup-
pression. Further tissue viral RNA load analysis indicated 
that vaccinated hamsters had significantly lower viral 
RNA loads in the lungs (Fig. 5D and G), nasal turbinates 
(Fig. 5E and H), and trachea (Fig. 5F and I) compared to 

controls, demonstrating effective viral inhibition in mul-
tiple respiratory tissues. Immunofluorescence analysis 
showed a significant reduction in SARS-CoV-2  S pro-
tein presence in the lung tissues of vaccinated hamsters 
(Fig.  5J and K), particularly in the 2RBD, WT-N, RE-N 
and COVID-19 epitope groups, further confirming the 
protective effects of these vaccines.

Inflammatory response and pathological damage induced 
by SARS-CoV-2 XBB-EG.5 variant
We also assessed the impact of novel mRNA vaccines 
on the inflammatory response and pathological dam-
age caused by the SARS-CoV-2 XBB-EG.5 variant in 
the golden hamster model. Results showed significantly 

Fig. 4  Inflammatory response and pathological damage analysis of novel mRNA vaccines against the SARS-CoV-2 Omicron-BA.5 strain. qPCR analysis of 
relative expression of inflammatory cytokines in lung tissues of hamsters infected with the SARS-CoV-2 Omicron-BA.5 strain: (A) IL-1β, (B) TNF-α, (C) IL-6, 
(D) MCP-1, (E) CCL-3, (F) CCL-5. ELISA analysis of cytokine expression in hamster lung tissues: (H) IL-2, (I) IL-1β, (J) IL-6, (K) IL-10, (L) IFN-γ, (M) TNF-α. (G) 
Pathological damage analysis of hamster lungs (H&E staining). (N) Blinded sections were evaluated to determine pathological severity. To assess overall 
histological changes, lung tissue sections were scored according to criteria specified by the expert panel. The scoring system used was as follows: 0, no 
pathological changes; 1, affected area (≤ 20%); 2, affected area (≤ 50%, > 20%); 3, affected area (> 50%, ≤ 80%); 4, affected area (> 80%). *P<0.05, **P<0.01, 
***P<0.001
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lower expression levels of inflammatory cytokines in lung 
tissues of vaccinated hamsters post-infection compared 
to controls (Luc, LNP, and PBS). qPCR analysis indicated 
that vaccinated groups had significantly reduced gene 
expression of inflammatory cytokines IL-1β (Fig.  6A), 
TNF-α (Fig. 6B), IL-6 (Fig. 6C), MCP-1 (Fig. 6D), CCL3 
(Fig.  6E), and CCL5 (Fig.  6F) in lung tissues post-
infection. Particularly, the RBD-Fe, 2RBD, RE-N and 
COVID-19 epitope groups exhibited significantly lower 
expression levels of these cytokines, indicating effective 
reduction of lung inflammation. ELISA analysis showed 
significantly lower protein levels of IL-1β (Fig.  6I), IL-6 
(Fig.  6J), IFN-γ (Fig.  6L), and TNF-α (Fig.  6M) in lung 
tissues of vaccinated hamsters. IL-2 (Fig. 6H) and IL-10 
(Fig. 6K) expression levels were significantly increased in 
vaccinated groups, demonstrating the potential of these 
vaccines to reduce inflammatory responses. Additionally, 
H&E staining and pathological scoring analysis showed 
that vaccinated hamsters exhibited significantly reduced 
pathological damage in lung tissues (Fig. 6G and N). The 
lung tissue of the vaccinated group was more intact, with 
reduced inflammatory cell infiltration, less tissue dam-
age, mild thickening of the alveolar walls, well-preserved 
alveolar structure, and reduced loosening of connective 

tissue. In contrast, the control group exhibited signifi-
cant pathological damage in the lungs, including exten-
sive parenchymal lesions and destruction of the alveolar 
architecture, which were caused by widespread inflam-
matory cell infiltration.

Discussion
This study evaluated the protective efficacy of sev-
eral novel mRNA vaccines in a golden hamster model 
against SARS-CoV-2 variants, including Delta, Omi-
cron-BA.5, and XBB-EG.5. The vaccines significantly 
mitigated infection-induced weight loss and reduced 
viral RNA loads in throat swabs, lungs, nasal turbinates, 
and trachea. Moreover, the vaccinated groups exhibited 
significant reductions in inflammatory responses and 
pathological damage, demonstrating the potential appli-
cability of these mRNA vaccines in controlling COVID-
19 and its variants (Fig. 7).

Effective vaccines are crucial for controlling the 
COVID-19 pandemic, especially as countries begin to 
ease non-pharmaceutical interventions like social dis-
tancing, travel restrictions, and quarantines. Since the 
outbreak, new SARS-CoV-2 variants have emerged, each 
with varying levels of virulence, transmissibility, and 

Fig. 5  Protective effects of novel mRNA vaccines against the SARS-CoV-2 XBB-EG.5 strain. (A) Weight change rate in golden hamsters infected with the 
SARS-CoV-2 XBB-EG.5 strain. Viral load analysis in hamsters post-infection with SARS-CoV-2 N and E genes: (B) Throat swab N, (C) Throat swab E, (D) Lung 
N, (G) Lung E, (E) Nasal turbinate N, (H) Nasal turbinate E, (F) Trachea N, (I) Trachea E. (J) Immunofluorescence analysis of SARS-CoV-2 S protein in hamster 
lung tissues. (K) Quantitative analysis of spike protein fluorescence intensity in the lung, showing the mean fluorescence intensity. *P<0.05, **P<0.01, 
***P<0.001, ***P<0.001, ****P < 0.0001
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immune evasion capabilities, affecting the efficacy of 
public health measures, diagnostics, vaccines, and treat-
ments [24]. Animal models that mimic varying degrees of 
clinical disease manifestations can accelerate the devel-
opment of treatments and vaccines for COVID-19 [25]. 
During the early stages of the COVID-19 pandemic, non-
human primates, ferrets [26], and other animal models 
were used, leading to the conclusion that golden ham-
sters are a valuable model for evaluating SARS-CoV-2 
and variant countermeasures [27]. Golden hamsters are 
easily infected with SARS-CoV-2 and exhibit pathologi-
cal changes in lung tissues similar to those observed in 
COVID-19 patients [28]. Our previous studies have 
designed and validated SARS-CoV-2 2RBD and RBD-Fe 
mRNA vaccines, showing higher specific antibody levels. 

Even after serum dilution, these vaccines maintained 
higher specific IgG titers and enhanced the production 
of neutralizing antibodies [17]. The receptor-binding 
domain (RBD) of SARS-CoV-2, when conjugated to fer-
ritin, can self-assemble into nanoparticle structures, sig-
nificantly enhancing the immunogenicity of the vaccine. 
Previous studies have demonstrated that ferritin-bound 
RBD can greatly increase antigenicity through multiva-
lent presentation, promoting stronger B cell responses 
and neutralizing antibody production [29]. In our study, 
animals vaccinated with the RBD-Fe vaccine exhibited 
significantly less weight loss post-infection and a marked 
reduction in viral RNA load compared to control groups. 
Moreover, the expression levels of inflammatory cyto-
kines such as IL-1β, TNF-α, and IL-6 were significantly 

Fig. 6  Inflammatory response and pathological damage analysis of novel mRNA vaccines against the SARS-CoV-2 XBB-EG.5 strain. qPCR analysis of rela-
tive expression of inflammatory cytokines in lung tissues of hamsters infected with the SARS-CoV-2 XBB-EG.5 strain: (A) IL-1β, (B) TNF-α, (C) IL-6, (D) MCP-1, 
(E) CCL-3, (F) CCL-5. ELISA analysis of cytokine expression in hamster lung tissues: (H) IL-2, (I) IL-1β, (J) IL-6, (K) IL-10, (L) IFN-γ, (M) TNF-α. (G) Pathological 
damage analysis of hamster lungs (H&E staining). (N) Blinded sections were evaluated to determine pathological severity. To assess overall histological 
changes, lung tissue sections were scored according to criteria specified by the expert panel. The scoring system used was as follows: 0, no pathological 
changes; 1, affected area (≤ 20%); 2, affected area (≤ 50%, > 20%); 3, affected area (> 50%, ≤ 80%); 4, affected area (> 80%). *P<0.05, **P<0.01, ***P<0.001
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lower in the RBD-Fe vaccine group, indicating potent 
anti-inflammatory effects and tissue protection.

Neutralizing antibodies are one of the main immune 
effects against SARS-CoV-2. Studies have shown that 
specific antibodies can neutralize virus particles and 
prevent them from entering host cells. The S protein of 
SARS-CoV-2 is a key mediator for the virus to invade 
cells. Specific neutralizing antibodies bind to the S pro-
tein and prevent it from binding to the ACE2 receptor, 
thereby effectively preventing the virus from invading 
and infecting [30]. Given the high mutation rate of SARS-
CoV-2, relying solely on neutralizing antibodies may not 
provide adequate protection. In addition to humoral 
immunity, cell-mediated immunity is strongly induced 
by the SARS-CoV-2 vaccines and infections. It has been 
shown that T-cell responses elicited by both infections 
and vaccinations are long-lasting and cross-reactive 
between virus variants [31–33], emphasizing the impor-
tance of cell-mediated immunity in the protection against 
a severe disease [34]. We designed a SARS-CoV-2 vac-
cine that elicits a specific cytotoxic T lymphocyte (CTL) 
response rather than a specific antibody response to pre-
vent SARS-CoV-2 invasion [35, 36]. Cellular immune 

responses typically target conserved regions of the virus, 
which are relatively stable and less prone to mutations. 
While some viruses may evade neutralizing antibody 
recognition through escape mutations, cellular immune 
responses are generally harder for viruses to evade. Thus, 
vaccines based on cellular immunity can better adapt to 
viral mutations, providing durable protection and reduc-
ing susceptibility to variants, effectively combating viral 
escape mutations [37]. In summary, our study highlights 
the effectiveness of novel mRNA vaccines in inducing 
both humoral and cellular immune responses, reduc-
ing viral RNA loads, and mitigating inflammatory and 
pathological damage in the golden hamster model. These 
findings underscore the potential of mRNA vaccines in 
addressing the ongoing challenges posed by SARS-CoV-2 
variants and contribute to the broader development of 
vaccines for other infectious diseases.

Traditionally, neutralizing antibodies and CTL 
responses are crucial for preventing viral infections [38]. 
This study focused on the relatively conserved N gene of 
SARS-CoV-2. We rearranged and ubiquitin-modified the 
N gene to effectively disrupt its function, promote antigen 
proteolysis, reduce the production of N protein-specific 

Fig. 7  Protective effects of novel mRNA vaccines against SARS-CoV-2 Delta, Omicron-BA.5, and XBB-EG.5 strains in golden hamsters
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antibodies, and achieve efficient presentation of CD8+ T 
lymphocyte epitopes, inducing a strong cellular immune 
response. Additionally, following previous studies, we 
mutated ubiquitination sites by replacing the G76 residue 
at the isopeptidase site with non-cleavable valine residues 
(UbVR and UbVV), enhancing the stability of the ubiqui-
tin-protein complex. To ensure efficient transcription, a 
Kozak sequence was placed upstream of the Ub/WT-N 
(Ub/RE-N) combination sequence. The SARS-CoV-2 
WT-N and Re-N mRNA vaccines constructed in this 
study were validated in animal models for their protec-
tive efficacy. The results indicated that the CD8+ T lym-
phocyte-mediated protective cellular immune response 
could effectively reduce the risk of cytokine storm forma-
tion, decrease tissue cell apoptosis and vascular damage, 
and counteract the pathogenic mechanisms associated 
with viral infections. In summary, the combination of 
disrupting N protein function and enhancing CD8+ T 
cell epitope presentation through ubiquitination modi-
fications demonstrated a promising strategy in mRNA 
vaccine design. This approach not only elicited robust 
cellular immunity but also provided a broad spectrum of 
protection against various SARS-CoV-2 variants, high-
lighting the potential for developing effective vaccines 
against rapidly mutating viruses.

Neutralizing antibodies prevent viral entry, but the 
body also requires SARS-CoV-2-specific CD4+ T helper 
cells to induce these specific antibodies [39]. Similarly, 
CD8+ cytotoxic T cells are crucial for recognizing and 
killing infected cells, especially in the lungs during infec-
tion [40]. Therefore, T cell epitopes are key to under-
standing immune pathogenesis and validating vaccines 
and therapies, but these remain unknown in SARS-
CoV-2-infected mice [41, 42]. Based on previous stud-
ies, we identified SARS-CoV-2-specific T cell epitopes 
recognized by CD4+ and CD8+ T cells in C57BL/6 mice. 
We incorporated ubiquitin modifications to construct a 
COVID-19 epitope mRNA vaccine. Vaccination with the 
COVID-19 epitope mRNA vaccine induced virus-specific 
T cells that led to faster viral clearance and reduced path-
ological changes in the lungs of SARS-CoV-2-infected 
mice, as well as lower viral RNA loads. This indicates that 
SARS-CoV-2-specific CD4+ and CD8+ T cells can protect 
mice from SARS-CoV-2 infection even in the absence 
of neutralizing antibodies. This suggests that generating 
an effective virus-specific cellular response is critical for 
coronavirus clearance [40].

In our study of novel SARS-CoV-2 mRNA vaccine can-
didates, we observed that the cross-protective proper-
ties of the six designed vaccines might be attributed to 
their diversified antigen presentation, which activates 
the immune system. By considering the antigenic char-
acteristics of different viral strains in vaccine design, our 
vaccines elicited broad immune responses, providing 

effective cross-variant protection. Among these, the 
RBD-Fe, RE-N, and COVID-19 epitope vaccines dem-
onstrated the most effective performance. This finding 
is significant for vaccine development and application in 
the face of the constantly mutating SARS-CoV-2, offering 
robust support for future efforts to address viral muta-
tion challenges.
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