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A promising mRNA vaccine derived 
from the JN.1 spike protein confers protective 
immunity against multiple emerged Omicron 
variants
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Abstract 

Despite the declared end of the COVID-19 pandemic, SARS-CoV-2 continues to evolve, with emerging JN.1-
derived subvariants (e.g., KP.2, KP.3) compromising the efficacy of current XBB.1.5-based vaccines. To address this, 
we developed an mRNA vaccine encoding the full-length spike protein of JN.1, incorporating GSAS and 2P muta-
tions and encapsulated in lipid nanoparticles (LNPs). The JN.1-mRNA vaccine elicited robust humoral and cellular 
immune responses in mice, including high JN.1-specific IgG titers, cross-neutralizing antibodies, and increased T 
follicular helper (Tfh) cells, germinal center (GC) B cells, and T cell cytokines. Importantly, immunity persisted for up to 
six months and induced RBD-specific long-lived plasma cells. We also compared the immune responses induced 
by homologous and heterologous vaccination regimens, and our results demonstrated that the heterologous regi-
men—combining JN.1-mRNA with a recombinant protein vaccine (RBDJN.1-HR)—induced stronger responses. These 
findings highlight the JN.1-mRNA vaccine constitutes an effective prophylactic approach against JN.1-related vari-
ants, as it induces potent neutralizing antibody responses across all tested lineages. This enhanced immunogenicity 
is expected to significantly reduce hospitalization rates and mitigate post-COVID complications associated with JN.1 
and KP.3 infections. This study emphasizes the need for timely vaccine updates and the adaptability of mRNA vaccines 
in addressing emerging pathogens, providing a framework for combating future infectious diseases. Collectively, 
these results offer critical insights for vaccine design and public health strategies in response to emerging SARS-CoV-2 
variants.
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Introduction
The COVID-19 pandemic, caused by the SARS-CoV-2 
virus, has significantly reshaped global social, economic, 
and healthcare landscapes. Although five years have 
passed since the outbreak, the virus’s impact continues 
to reverberate across the globe. Variants of SARS-CoV-2, 
such as the Delta and Omicron strains, have emerged 
over time, inducing different challenges to public health 
measures. These variants often exhibit enhanced trans-
missibility and immune evasion capabilities, leading to 
successive waves of infections even as vaccination cam-
paigns progress. With emerging subvariants continuing 
to dominate, the global health community faces an ongo-
ing need for adaptive strategies to combat these evolving 
threats, highlighting the necessity of continuous updates 
to vaccines and other public health interventions.

In late 2023, a mutant strain, JN.1, emerged and caused 
a significant surge in infections across the United States 
and Europe. Within a short period, JN.1 and its many 
descendants (KP.3, KP.3.1.1, XDV.1, LB.1, and XEC) sup-
planted XBB.1.5, EG.5, and other epidemic strains to 
become the globally predominant [1–3]. JN.1, a sublin-
eage of BA.2.86, is characterized by the hallmark spike 
protein mutation L455S, which confers enhanced viral 
infectivity and immune evasion compared to other cir-
culating variants [4]. While the current XBB.1.5 mono-
valent vaccine provides reasonable protection, the 
heightened neutralization resistance of JN.1 subvariants 
presents a growing concern [5]. In response, the World 
Health Organization (WHO) and the U.S. Food and Drug 
Administration (FDA) have called for the inclusion of 
JN.1 spike components in the development of future vac-
cines to improve efficacy against these evolving variants 
[6, 7].

mRNA technology has gained significant attention in 
modern vaccine development due to its rapid scalability, 
potent immune responses, and straightforward formula-
tion [8]. The mRNA vaccine is a highly adaptable plat-
form, enabling the creation of variant-specific vaccines 
by altering the antigenic sequence of the encoded pro-
tein [9–11]. This flexibility is critical for addressing rap-
idly mutating pathogens like SARS-CoV-2. Additionally, 
mRNA vaccines have a favorable safety profile, character-
ized by a short pharmacokinetic half-life, lack of genomic 
integration, and reduced CpG content, which make them 
safer compared to viral vector-based or DNA vaccines 
[12, 13]. Moreover, mRNA vaccines effectively stimulate 
robust humoral and cellular immune responses to pro-
vide biological interactions to defend the host against the 
virus, especially inducing strong Th1-immune responses 
[14–16], thereby further enhancing their efficacy [17–
19]. These characteristics underscore the potential of 
mRNA technology as a versatile and effective platform 

for addressing both current and future infectious disease 
threats.

Homologous immunity, which refers to the immune 
response generated by repeated exposure to the same 
antigen or vaccine platform, and heterologous immunity, 
which involves the immune response elicited by different 
antigens or vaccine platforms. Within this context, het-
erologous vaccination strategies, which combine distinct 
vaccine platforms for priming and boosting, have dem-
onstrated significant advantages in enhancing both the 
magnitude and breadth of immune responses compared 
to homologous vaccination approaches [20–22]. The 
synergistic enhancement of both humoral and cellular 
immune responses supports heterologous vaccination as 
a robust strategy for eliciting broad-spectrum protection 
against SARS-CoV-2 and its emerging variants.

In this study, we have introduced a novel approach by 
combining mRNA and recombinant protein vaccine plat-
forms to combat emerging variants. We developed the 
JN.1-mRNA vaccine, which encodes the full-length spike 
protein of the JN.1 variant, and demonstrated its ability 
to generate long-lasting humoral and cellular immune 
responses in mice, with effects lasting up to 6  months. 
Additionally, we developed the RBDJN.1-HR recombi-
nant protein vaccine based on the receptor-binding 
domain of the JN.1 variant [23]. Most importantly, our 
study revealed the groundbreaking efficacy of heterolo-
gous prime-boost immunization, where the combination 
of the JN.1-mRNA vaccine followed by a booster dose 
of the RBDJN.1-HR protein vaccine induced significantly 
stronger immune responses than homologous immuniza-
tion regimens. This novel prime-boost strategy highlights 
a promising new direction for vaccine development, 
offering enhanced protection and flexibility in addressing 
rapidly evolving viral variants.

Results
JN.1‑mRNA vaccine preparation and characterization
To construct the JN.1-mRNA vaccine, we designed 
a construct with a 5′ untranslated region (UTR), an 
open reading frame (ORF), a 3′ UTR, and a poly(A) tail 
(Fig. 1a). The ORF encodes the full-length spike protein 
of the JN.1 variant, incorporating a pre-fusion stabi-
lized mutation (2P) and a furin cleavage-site mutation 
(GSAS) in the S1 domain [24]. The spike mRNA was 
mixed with ALC0315 through a microfluidics device to 
produce the mRNA-LNP formulation (Fig.  1a). Trans-
mission electron microscopy analysis revealed that the 
JN.1-mRNA vaccine exhibits a spherical shape with 
a homogeneous size (Fig.  1b). The JN.1-mRNA vac-
cine exhibited a monodispersed size distribution with 
an average particle diameter of 85.02 ± 0.7  nm, and 
a zeta potential of −7.34 ± 1.48  mV (Fig.  1c, d). The 
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particle size of the JN.1-mRNA vaccine remained stable 
at approximately 85 nm over a storage period of 42 days 
at 4 ℃, highlighting its physical stability (Fig.  1e). To 
evaluate the in  vivo distribution and expression of 
the vaccine, luciferin (Luc)-mRNA was administered 

intramuscularly into BALB/c mice, while phosphate-
buffered saline (PBS) served as the negative control. 
Six hours post-administration, images of in  vivo and 
ex vivo organs showed that Luc-mRNA expression was 
predominantly localized at the injection site, with less 
expression observed in the liver (Fig. 1f, g).

Fig. 1  JN.1 mRNA-LNP vaccine construction, production and characterization. a Scheme of prefusion-stabilized JN.1 variant mRNA construct 
design. b Transmission Electron Microscopy (TEM) image of JN.1-mRNA vaccine. Scale bars, 50 nm. c-d The particle size distribution and zeta 
potential of JN.1-mRNA-LNP. e Changes in particle size of JN.1-mRNA-LNP after 42 days of storage at −80 °C. f-g Images of in vivo and ex vivo organs 
bioluminescence after 6 h injected 20 µg Luc-mRNA formulation, showing the distribution of the injected mRNA-LNP (n = 3 per group)
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Robust immune responses of the JN.1‑mRNA vaccine
To assess the immunogenicity of the JN.1-mRNA vac-
cine, 6–8-week-old BALB/c mice were immunized with 
three doses of JN.1-mRNA vaccine (10  μg per dose) on 
days 0, 21, and 42. Control groups received either PBS or 
Luc-mRNA under the same conditions. Serum samples 
were collected on days 14, 35, and 56 to evaluate bind-
ing and neutralizing antibody responses. Additionally, 
lymphocytes were harvested from the bone marrow, 
inguinal lymph nodes, and spleens on day 56 for further 
analysis (Fig.  2a). A single dose of the JN.1-mRNA vac-
cine effectively elicited robust titers of RBD-specific IgG 
(Fig.  2b). The pseudovirus neutralization test (pVNT) 
showed that the three-dose regimen induced high titers 
of neutralizing antibodies against XBB.1.5, XBB.1.16.6, 
EG.5.1, BA.2.86, JN.1, JN.1.1, KP.2, KP.3 and XDV.1 pseu-
doviruses, with geometric mean titers (GMTs) for 50% 
neutralization at 439, 397, 1062, 30,276, 41,914, 40,666, 
17,143, 17,886, 18,149, respectively (Fig.  2c). Further-
more, ELISpot assays confirmed the activity of RBD-
specific B cells in the bone marrow and spleen following 
the three-dose regimen (Fig.  2d, e). Germinal center 
(GC) responses, essential for generating affinity-matured 
plasma cells and memory B cells, were also significantly 
enhanced in lymph nodes and spleens, with an increase 
in T follicular helper (Tfh) cells critical for long-lasting 
immunity (Fig.  2f, g). Consistent with previous find-
ings that mRNA vaccines induce T helper type 1 (Th1) 
responses [14, 15], the JN.1-mRNA vaccine promoted 
a robust Th1-skewed cellular immune response. A sig-
nificant proportion of CD4+ and CD8+ T cells produced 
Th1-associated cytokines, including IFN-γ, TNF-α, and 
IL-2 (Fig.  3a-c) [15, 25]. This Th1 bias was further vali-
dated by detecting IFN-γ+ secreting lymphocytes in the 
spleen via ELISpot analysis (Fig.  3d). In summary, the 
JN.1-mRNA vaccine demonstrated its potential to confer 
strong protection against COVID-19 by inducing robust 
neutralizing antibodies, a potent Th1-dominated cellular 
immune response, and favorable cytokine profiles. These 
findings highlight the vaccine’s capacity to provide sub-
stantial protection against SARS-CoV-2 and its variants.

The JN.1 mRNA vaccine provides long‑term immune 
protection
To evaluate the long-term immune protection provided 
by the JN.1-mRNA vaccine, serum and tissue samples 
were collected from mice six months after receiving 
the third dose. Despite a moderate decline in RBD-spe-
cific IgG titers and neutralizing antibody levels, these 
responses remained comparable, demonstrating sus-
tained immunity over time (Fig.  4a, b). Notably, the 
GMTs for neutralizing BA.2.86, JN.1, JN.1.1, KP.2, KP.3 
and XDV.1 pseudoviruses remained high, reflecting the 

continued effectiveness of the immune response (Fig. 4b). 
Additionally, JN.1-specific B cells were still detectable in 
the spleen and bone marrow, as well as RBDJN.1-specific 
memory B cells and plasma cells in the lymph nodes 
and spleen (Fig.  4c-f ). The rising presence of long-
lived plasma cells (LLPCs) in the lymph node, spleen 
and bone marrow crucial for maintaining long-term 
humoral immunity [26], further supports the durability 
of the immune protection six months post-vaccination 
(Fig. 4g, h). Moreover, IFN-γ-secreting cells, indicative of 
a robust cellular immune response, were detected in the 
spleen, highlighting the vaccine’s ability to elicit compre-
hensive immune protection (Fig.  4i). In summary, these 
findings confirm that the JN.1 mRNA vaccine induces 
enduring immunity through both humoral and cellu-
lar mechanisms, providing long-term protection against 
SARS-CoV-2 and its variants.

Heterologous prime‑boost vaccination induced stronger 
humoral immune response
To evaluate the impact of heterologous vaccination on 
immune responses, we compared the immune effects 
of homologous versus heterologous prime-boost regi-
mens. In this study, we developed a trimeric RBDJN.1-HR 
recombinant protein as the heterologous booster vac-
cine to compare the immune responses induced by 
homologous vaccination and heterologous vaccination 
[23]. The fourth dose of the heterologous RBDJN.1-HR 
protein vaccine was administrated one month after the 
third dose priming JN.1-mRNA vaccine. As control, 
mice were immunized with four doses of either the pro-
tein vaccine or the mRNA vaccine on the same schedule 
(Fig.  5a). Encouragingly, the heterologous group elic-
ited significantly higher levels of neutralizing antibodies 
against BA.2.86 and its subvariants than both homolo-
gous groups (Fig.  5b). Similar trends were observed in 
RBD-specific IgG+ antibody-secreting B cells from the 
bone marrow and spleen (Fig. 5c). Additionally, the het-
erologous group exhibited higher levels of GC B cells 
and Tfh cells in the lymph nodes and spleen (Fig. 5d, e). 
Overall, the heterologous vaccination strategy resulted 
in a stronger humoral immune response than the 
homologous regimen, whether with the JN.1-mRNA or 
RBDJN.1-HR vaccine.

Heterologous prime‑boost vaccination induced stronger 
cellular immune response
In addition to humoral immunity, cellular immunity 
plays a critical role in combating viral infections includ-
ing COVID-19 [27]. Cellular immunity provides a robust 
defense effect by eliminating virus-infected cells and 
coordinating adaptive immune responses. This T cell-
mediated immunity often complements the neutralizing 
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activity of antibodies and ensures a comprehensive 
response to infection including sustained protection. 
Our findings demonstrated that heterologous vaccination 
markedly enhanced Th1-type immune responses. This 

was evident from the significant upregulation of IL-2, 
TNF-α, and IFN-γ production by both CD4+ and CD8+ 
T cells (Fig. 6a-c). These cytokines are hallmarks of Th1 
immunity and are critical for antiviral defense, as they 

Fig. 2  The JN.1-mRNA vaccine elicited robust humoral immune responses. a Experimental timeline for immune and tissue sample collection, 
along with experimental grouping (n = 5). b The RBD-specific binding antibody titers in serum after immunization. c Neutralizing antibodies 
in serum 14 d post-immunization. d-e ELISpot images (left) and spot counts (right) showing RBD-specific IgG+ ASCs in bone marrow (d) and spleen 
(e) of vaccinated mice. f-g The percentage of GC B cells (f) and Tfh cells (g) within lymph nodes (left) and spleen (right) 14 d after the third 
vaccination. All means were compared to each other with one-way ANOVA. *P < 0.05 was considered statistically significant. **P < 0.01 
and ***P < 0.001 were considered highly significant
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activate macrophages, promote cytotoxic activity, and 
support the proliferation of effector T cells [28, 29]. Fur-
thermore, IFN-γ-secreting lymphocytes were analyzed 
using an ELISpot assay to quantify antigen-specific T cell 
responses in the spleen. The robust presence of these cells 
indicated potent cellular immune activation, reflecting 
the vaccine’s ability to stimulate durable T cell-mediated 
immunity (Fig.  6d). These results collectively highlight 
the advantages of heterologous vaccination strategies 

in inducing both humoral and cellular immunity, pro-
viding a synergistic approach to achieving effective and 
long-lasting protection against emerging variants of 
SARS-CoV-2.

Discussion
In December 2023, the JN.1 was list as a variant of inter-
est by WHO [30]. Compared to its predecessor BA.2.86, 
JN.1 contains an additional mutation in the spike protein, 

Fig. 3  The JN.1-mRNA vaccine elicited robust cellular immune responses. a-c Percentages of IL-2-, TNF-α and IFN-γ-positive cells in CD4+ and CD8+ 
T cells from spleen. d ELISpot images (left) and spot counts (right) of IFN-γ-secreting T cells in the spleen. Experimental group n = 5. All means were 
compared to each other with one-way ANOVA. *P < 0.05 was considered statistically significant. **P < 0.01 and ***P < 0.001 were considered highly 
significant
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Fig. 4  The JN.1 mRNA vaccine induced durable humoral and cellular immune responses. a The levels of RBD-specific IgG titers in serum, 6 months 
after the third immunization (n = 6). b Neutralizing antibody levels in serum at the same time point. c-d ELISpot images (left) and spot counts (right) 
of RBD-specific IgG+ ASCs in bone marrow (c) and spleen (d). e–f The percentage of RBD-specific MBCs (e), plasma cells (f) in lymph nodes (left) 
and spleen (right), 6 months after the third vaccination. g-h The percentage of RBD-specific LLPCs in lymph nodes (g) spleen (h, left), and bone 
marrow (h, right). i ELISpot images (left) and spot counts (right) of IFN-γ-secreting T cells in the spleen 6 months after the third vaccination. 
Statistical comparisons were performed using one-way ANOVA. *P < 0.05 was considered statistically significant, **P < 0.01, and ***P < 0.001 were 
considered highly significant
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L455S, which enhances its infectivity and immune eva-
sion abilities [3]. Vaccination continues to be a critical 
strategy in reducing hospitalization and mortality associ-
ated with COVID-19, but the efficacy of existing vaccines 

against new variants like JN.1 has become a concern. 
For example, the XBB.1.5 monovalent mRNA vaccine 
booster has shown significantly reduced efficacy against 
JN.1 when compared to its effectiveness against XBB.1.5 

Fig. 5  The RBD-HR protein booster elicits stronger humoral immunity than the mRNA booster. a Schematic diagram of the heterologous 
immunization, sample collection and groups (n = 5). b The detection of neutralizing antibodies. c ELISpot assays highlighted RBD-specific IgG+ 
ASCs in the bone marrow (left) and spleen (right) after boost vaccine. d-e The percentage of GC B cells (d) and Tfh cells (e) in lymph nodes (left) 
and spleen (right). Statistical comparisons were performed using one-way ANOVA. *P < 0.05 was considered statistically significant, **P < 0.01, 
and ***P < 0.001 were considered highly significant
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Fig. 6  The RBD-HR protein booster elicits stronger Th1 immune responses than the mRNA booster Evaluation of Th1 immune responses 
14 days after the booster vaccination (n = 5). Splenocytes were stimulated with JN.1 spike protein peptide pool and analyzed by flow cytometry 
for cytokine expression: IL-2 (a), TNF-α (b), IFN-γ (c). ELISpot images (left) and spot counts (right) of IFN-γ-secreting T cells in the spleen (d). Statistical 
comparisons were performed using one-way ANOVA. *P < 0.05 was considered statistically significant, **P < 0.01, and ***P < 0.001 were considered 
highly significant
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[31]. This underscores the critical need for the develop-
ment of vaccines specifically targeting the JN.1 variant.

The principle behind the mRNA vaccine’s success lies 
in its rapid design and adaptability to new variants. The 
design of an mRNA vaccine encoding the full-length 
spike protein of JN.1, incorporating GSAS and 2P muta-
tions to stabilize the spike protein, was based on the 
understanding that these modifications would enhance 
immune recognition and improve vaccine efficacy [32]. 
In our study, the JN.1-mRNA vaccine induced strong 
humoral and cellular immune responses in BALB/c mice, 
including high levels of RBD-specific IgG antibodies and 
cross-neutralizing antibodies against BA.2.86 and its 
sublineages (Fig. 2) (Figure S1). A single dose of the vac-
cine induced high titers of RBD-specific IgG antibodies, 
with subsequent doses further enhancing antibody levels 
(Fig. 2B). After three doses, immune sera contained high 
titers of cross-neutralizing antibodies against BA.2.86 
and its sublineages (Fig.  2C). Robust Th1-type cellu-
lar immune responses were also detected in the spleen 
(Fig.  3). Remarkably, six months post-immunization, 
strong humoral and cellular immune responses were 
sustained in the blood, lymph nodes, spleen and bone 
marrow (Fig.  4). These results support the potential of 
mRNA-based vaccines to offer durable protection against 
evolving SARS-CoV-2 variants, which aligns with previ-
ous studies that showed long-lasting immune responses 
following mRNA vaccination [33–35].

Protein-based vaccines have several advantages, 
including great stability during storage and transpor-
tation, a well-established manufacturing process, and 
the ability to elicit strong immune responses [36]. Our 
group has successfully created a protein vaccine based 
on the RBD of the JN.1 variant (RBDJN.1-HR), which can 
self-assemble into a trimeric structure. To evaluate the 
immune-boosting potential of different vaccine strat-
egies, we administered a RBDJN.1-HR protein vaccine 
booster to mice previously immunized with three doses 
of the JN.1-mRNA vaccine. Control groups received 
four doses of either the protein vaccine or mRNA vac-
cine. We observed that heterologous boosting with the 
RBDJN.1-HR protein vaccine after initial mRNA vaccina-
tion elicited a stronger immune response, both humoral 
and cellular, compared to homologous vaccine regimens 
(Figs.  5 and 6). This finding is consistent with previous 
studies that demonstrate the immunogenic advantages of 
heterologous prime-boost strategies [37]. This suggests 
that the heterologous boosting with different vaccine 
platforms may offer enhanced immunogenicity and could 
serve as a valuable complement or alternative to mRNA-
based booster strategies.

While this study provides important insights, it is lim-
ited by the absence of direct evaluation of neutralizing 

antibodies against authentic SARS-CoV-2 in the serum 
of immunized mice, as well as the lack of viral challenge 
experiments to assess the protective efficacy. Addition-
ally, considering the high prevalence of prior vaccina-
tion or infection among the population, a more effective 
way to assess the immune response induced by the JN.1-
mRNA vaccine would be to administer it as a booster in 
individuals who have already received other primary vac-
cinations. This approach could offer valuable data on the 
potential of JN.1-mRNA as a supplementary strategy for 
enhancing immunity, particularly in the face of evolving 
viral variants.

In conclusion, we developed and evaluated an mRNA 
vaccine targeting the JN.1 variant of SARS-CoV-2. The 
JN.1-mRNA vaccine induced strong and long-lasting 
humoral and cellular immune responses in mice, includ-
ing high levels of RBD-specific IgG antibodies and effec-
tive neutralizing antibodies against JN.1 lineages. While 
the immune responses induced by mRNA and protein 
vaccines were similar, sequential administration of both 
vaccines resulted in a more robust immune response 
compared to non-sequential vaccination. However, 
this study did not assess neutralizing antibodies against 
authentic SARS-CoV-2 or conduct viral challenge experi-
ments, which limits direct conclusions about the vac-
cine’s protective efficacy. Given the high prevalence of 
prior vaccination and infection, the JN.1-mRNA vaccine 
may prove particularly effective as a booster for individu-
als who have already been vaccinated against COVID-19.

Material and methods
Cell culture
The 293  T/ACE2 cell [38] were grown in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum 
(FBS, Gibco) and 1% penicillin–streptomycin. The cells 
were maintained in a 37 ℃ incubator.

Animals and immunization schedule
Healthy female BALB/c mice (6–8 weeks, 18–20 g) were 
ordered from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China) and maintained in 
the animal facility of the State Key Laboratory of Biother-
apy, Sichuan University (Chengdu, Sichuan, China).

For the immunogenicity study of JN.1-mRNA, three 
groups of BALB/c mice (n = 11 per group) were injected 
100 μl of PBS, Luc-mRNA (10 μg) or JN.1-mRNA (10 μg) 
by intramuscular (IM) route on days 0, 21, and 42, in 
the right leg. Blood samples were collected two weeks 
after each vaccination. 14  days after the last immuniza-
tion, mice (n = 5 per group) were sacrificed, and periph-
eral blood, bone marrow, spleen, and lymph nodes were 
collected for analysis of JN.1-specific IgG, neutralizing 
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antibody titers and the T-cell immune responses. Six 
months after the final immunization, mice (n = 6 per 
group) were sacrificed to measure the long-term immune 
response by collecting blood, bone, spleen, and lymph 
nodes.

To compared the effects of homologous and heterolo-
gous boosters, the BALB/c mice (n = 5 per group) were 
divided into four groups. The heterologous group was IM 
immunized with three doses of JN.1-mRNA (10 μg) vac-
cines on days 0, 21, and 42, followed by a heterologous 
booster of RBDJN.1-HR (10 μg) on day 70. Control groups 
received four doses of either PBS, RBDJN.1-HR (10  μg) 
or JN.1-mRNA (10  μg). Serum, bone marrow, spleen, 
and lymph nodes were collected 14  days after the final 
immunization.

Tissues preparation
Blood samples were allowed to stand at room tempera-
ture for 4 h and centrifuged at 6000 rpm, 10 min at 4 °C. 
The serum was separated and stored at −80  °C for sub-
sequent assays. Spleens were gently mashed using the 
2  ml syringe plunger and filtered through a 70  μm cell 
strainer. Spleen lymphocytes were isolated using mouse 
lymphocyte separation medium (Dakewe Biotech Co., 
Ltd., China) and removing red blood cells. Similarly, 
lymph nodes and bone marrow were harvested from the 
right leg and processed to prepare single-cell lymphocyte 
suspensions. Those lymphocytes were analyzed by flow 
cytometry or ELISpot.

JN.1‑mRNA design and preparation
The JN.1 vaccine sequence is based on the full-length 
spike protein which contain the pre-fusion mutation 
(2P) and furin cleavage site mutation (GSAS). This spike 
sequence was cloned into our plasmid vector which 
included T7 promoter, 5′- and 3′-UTR, and 120-nucleo-
tide polyA tail. Linearized DNA templates for the in vitro 
transcription (IVT) were prepared by digesting circular 
plasmid vector with BspQ I restriction enzyme (Hongene, 
Shanghai, China). T7 RNA polymerase (Hzymes Biotech, 
Wuhan, China), cap1 analog (Hzymes Biotech, Wuhan, 
China) and N1-methyl pseudouridine triphosphate (Gly-
cogene, Wuhan, China) were used in the IVT reactions. 
mRNA was purified using oligo (dT) 30 magnetic parti-
cles (Vdobiotech, Suzhou, China) and stored at − 80  °C 
for future use.

mRNA‑LNP formulation and characterization
The mRNA was dissolved in 10  mM citrate buffer 
(pH 3.0) as the aqueous phase, while lipids including 
ALC-0315 (SINOPEG, Xiamen.China), DSPC (AVT, 
Shanghai,China), cholesterol (AVT, Shanghai,China) and 
DMG-PEG2000 (AVT, Shanghai,China) were dissolved in 

ethanol at a molar ratio of 50:10:38.5:1.5 as the organic 
phase. The mRNA-LNP formulation was prepared using 
a microfluidic device (Micro & Nano, Shanghai, China) 
to mix the aqueous and organic phases at a 3:1 flow ratio. 
The LNPs were then dialyzed using Tris buffer with 
sucrose in MWCO 6–8  kDa Pur-A-Lyzer dialysis tubes 
(Sigma-Aldrich, St. Louis, MO, USA) for 12 h to remove 
ethanol. mRNA-LNP formulations were then sterilized 
using filters (0.22 μm) and stored at −80° C until further 
use.

The particle size and zeta potential of mRNA-LNPs 
were analyzed with Zetasizer Pro (Malvern Panalytical, 
Malvern, UK). The morphology of the mRNA-LNPs was 
examined by transmission electron microscopy (TEM; 
H-600, Hitachi, Japan).

Bioluminescence imaging
20  µg of Luc-mRNA formulation were injected intra-
muscularly into female BALB/c mice (n = 3 per group). 
After 6 h, mice were administrated intraperitoneally with 
150  mg/kg luciferin (Aladdin, Shanghai, China). 10  min 
later, mice were euthanized, and images were captured 
using the IVIS Spectrum In Vivo Imaging System (Perki-
nElmer, Waltham, MA, USA).

Enzyme‑linked immunosorbent assays (ELISA)
To detect JN.1-specific IgG titers, ELISA plate (NUNC-
MaxiSorp, Thermo Fisher Scien tific) was precoated 
with 100 μl of RBDJN,1-HR diluent at 1 μg/ml in carbon-
ate buffer (50 mM, pH 9.6). After incubated overnight at 
4  °C, the plate was washed three times with PBST (PBS 
with 0.1% Tween 20) and blocked with 1% BSA in PBST. 
Next, serially diluted sera were added to the washed 
plate and incubated at 37 °C for 2 h. Following wash step, 
horseradish peroxidase (HRP)‐conjugated anti‐mouse 
IgG antibodies (Invitrogen, 31,430) were diluted at 1:1000 
in 1% BSA and added to the plate at 37℃. An hour later, 
washing plate at least five times, then TMB (Thermo 
Fisher Scientific, 34,029) was added to the plate. Fol-
lowing 10 min incubation in the dark, adding stop solu-
tion (Beyotime, P0215) and measuring the absorbance at 
450  nm (630  nm as a reference) by a microplate reader 
(Spectramax ABS, Molecular Devices).

ELISpot
ELISpot kits were used for detection of IFN-γ-secreting 
lymphocytes in the spleen (MABTECH, 3420-4APT-
2) and IgG+ antibody-secreting cells (Millipore, 
MSIPS4W10) in the bone marrow and spleen. Accord-
ing to the instructions, the IgG+ ELISpot plate need 
precoated with RBDJN.1-HR (2  μg/mL) overnight at 4° 
C. Before adding lymphocytes suspensions, cleaning the 
IFN-γ ELISpot plate and coated IgG+ ELISpot plate for 
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five time using PBS and then adding RPMI-1640 medium 
at 37 °C. 30 min later, the supernatant was removed, and 
3 × 105 lymphocytes were added to the plates for IFN-γ 
ELISpot, medium with JN.1 spike protein peptide pools 
was added.

After 20 h of incubation at 37  °C in 5% CO2, washing 
plates for five times to remove all the cells. For IFN-γ 
ELISpot, the 7-B6-1-biotin (1:1000) were added for 2  h 
at room temperature. After washing five times, strepta-
vidin-ALP (1:1000) was added to the plates for 60  min. 
Flowing the washing step, BCIP/NBT-plus substrate 
solution was added to the well in the dark. According 
to the number of spots to stop the reaction using flow-
ing Water. For IgG+ ELISpot, diluted HRP‐conjugated 
anti‐mouse IgG antibodies were added to the plate. After 
incubation for 2 h, washing the plate and TMB substrate 
was added. The plate can be rinsed with water and air-
dry until spots appear. The number of spots were counted 
and scanned on an ELISpot reader.

Pseudovirus neutralization assay
The pseudovirus neutralization assay was performed 
as previously described [39]. In brief, heat-inactivated 
sera samples were diluted by 1:3 or 1:9 and incubated in 
96-well plates for 1 h at 37 °C with different pseudovirus 
(Genomeditech, China). Next, 2 × 104 293  T/ACE2 cells 
were added to each well. Two days later, the supernatant 
was removed, and luciferase substrate (Promega) was 
added to detect relative light units using a multimode 
microplate reader (PerkinElmer, USA).

Flow cytometry
During the antibody staining, all the live lymphocytes 
cells were treated with PBS containing 1% BSA in ice. 
Tfh cells in spleen and lymph nodes were detected by the 
flowing directly labeled antibodies: B220- PE-Cy7 (Bio-
Legend, 103,222), CD3-PerCP/Cyanine5.5 (BioLegend, 
100,718), CD4-FITC (BioLegend, 100,406), CXCR5-APC 
(BioLegend, 145,506), PD-1-BV421 (BioLegend, 135,218). 
The GC B cells in spleen and lymph nodes were stained 
with B220- PE-Cy7 (BioLegend, 103,222), CD3-PerCP/
Cyanine5.5 (BioLegend, 100,718), GL-7-APC (BioLeg-
end, 144,618), CD95-FITC (BioLegend, 152,606). The 
gating strategy for Tfh and GC B were displayed in Sup-
plementary Figure S1(A-B).

Six months after three doses of JN.1-mRNA, the lym-
phocytes cells in the bone marrow and spleen were ini-
tially incubated with biotinylated JN,1-RBD protein 
(ACROBiosystems, OBB1D-F001) at room temperature 
for 30 min. Flowing PBS washing, JN.1-specific memory 
B cells, Plasma Cells and LLPCs were detected through 
CD4-BV510 (BioLegend, 100,449), IgD-APC (BioLegend, 
405,714), B220-PE/Cyanine5.5 (BioLegend, 103,209), 

CD38-PE/Cy7 (BioLegend, 102,718), GL-7-BV421 (Bio-
Legend, 144,614), CD138-BV650 (BioLegend, 142,518), 
the PE Streptavidin (BioLegend, 405,204). The gating 
strategy for memory B cells, Plasma Cells and LLPCs 
were displayed in Supplementary Fig. S1 (C).

To determine the immune responses of JN.1-spike 
specific CD4+ and CD8+ T cells, 1.5 × 106 splenic lym-
phocytes of each mouse were added to 12-well plates 
stimulated with 1 μg/ml peptide pools of JN.1 (Customer 
designed, GenScript). Cells were cultured in medium 
with 10% FBS, 100 μg/ml streptomycin, 100 U/ml peni-
cillin, 1  mM pyruvate (all from Gibco, USA), 50  μM 
β-mercap-toethanol, and 20 U/ml IL-2 (all from Sigma-
Aldrich, USA). After incubated 6  h, brefeldin A were 
added to the medium. The cells were harvested 12 h later 
and stained on ice for surface markers including Live/
Dead-APC-Cy7 (Invitrogen™, L34976), CD3-PerCP/Cya-
nine5.5 (BioLegend, 100,718), CD4-BV421 (BioLegend, 
100,438), CD8-FITC (BioLegend, 100,706), CD44-BV510 
(BioLegend, 103,044) or CD44-PE (BioLegend, 103,024). 
Cells were then washed, fixed and permeabilized (BD 
Bioscience, 554,715) for 20 min. Then cells were washed 
by 1 × Perm/Wash™ and stained cytokines: IFN-γ- PE/
Cyanine7 (BioLegend, 505,826), IL-2-APC (BioLegend, 
503,810) and TNF-α-PE (BioLegend, 506,306). The gating 
strategy was displayed in Supplementary Fig. S2.

Flow cytometry data were analyzed by NovoCyte Flow 
Cytometer (ACEA Biosciences) and NovoExpress 1.4.1 
software.

Statistical analysis
All experiments were performed at least in duplicate 
unless otherwise specified, and all results are presented 
as the means ± SEM. Statistical analyses were conducted 
using Prism software (GraphPad Prism 8.0). Compari-
sons utilized One-way ANOVA followed by Tukey’s mul-
tiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; ns, not significant.
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