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IL‑7 promotes mRNA vaccine‑induced 
long‑term immunity
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Abstract 

Messenger RNA (mRNA) vaccines are a key technology in combating existing and emerging infectious diseases. How-
ever, improving the immunogenicity and durability of mRNA vaccines remains a challenge. To elicit optimal immune 
responses, integrating antigen-encoded mRNA and immunostimulatory adjuvants into a single formulation is a prom-
ising approach to enhancing the efficacy of mRNA vaccines. Here, we report an adjuvant strategy to enhance 
the efficacy of mRNA vaccines by co-loading mRNA encoding the antigen (rabies virus glycoprotein, RABV-G) 
and mRNA encoding IL-7 into lipid nanoparticles, achieving co-delivery to the same antigen-presenting cells. A single 
immunization with G&IL-7 mRNA vaccine elicited robust humoral immune responses in mice and conferred complete 
protection against RABV challenge. Notably, the high levels of neutralizing antibody induced by the G&IL-7 mRNA 
vaccine were maintained for at least 6 months, providing mice with long-term significant and complete protection 
against RABV. Additionally, IL-7 also enhanced antibody responses against the SARS-CoV-2. These data demonstrate 
that IL-7 is a potent mRNA vaccine adjuvant that can provide the required immune stimulation in various mRNA vac-
cine formulations.
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Introduction
Rabies is a fatal zoonotic disease with a mortality rate 
close to 100%, caused by the neurotropic rabies virus 
(RABV) [1, 2]. Prevention of RABV following virus expo-
sure relies on rapid antibody-mediated neutralization of 
RABV before it enters the central nervous system [3]. 
This includes the use of RABV immune globulin purified 
from vaccinated horses or human donors, as well as up 
to five doses of RABV vaccine [4]. Approximately 17 mil-
lion people are vaccinated and treated after exposure to 
RABV each year [4]. While many vaccines have proven 
highly successful in preventing RABV, the demand for 
multiple doses and high costs have led to incomplete 
protection in endemic areas, resulting in around 60,000 
deaths worldwide annually [2, 5–7]. For many signifi-
cant human pathogens, including severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) and human 
immunodeficiency virus 1 (HIV-1), vaccine-induced pro-
tective antibody responses have been proven challeng-
ing [8–10]. One of the current focuses of RABV vaccine 
research has shifted from inducing effective immunity 
to reducing costs while maintaining sufficient immuno-
genicity and streamlining vaccination procedures [11]. 
Although multi-dose regimens can enhance immune 
responses and duration, they also increase the complex-
ity and cost of vaccination programs, as well as the like-
lihood of adverse reactions, making them suboptimal 
strategies. Therefore, the development of single-dose, 
highly immunogenic RABV vaccines is crucial, particu-
larly for developing countries, as it would help alleviate 

the financial burden on local governments for rabies 
prevention.

Messenger RNA (mRNA) vaccines have achieved 
tremendous success in the pandemic of SARS-CoV-2 
[12, 13]. Delivery of RABV-G mRNA vaccine via lipid 
nanoparticles (LNPs) has improved its immunogenic-
ity in rodents and non-human primates (NHPs) [14]. 
The first clinical trial of this formulation tested safety 
and serum conversion following administration of one 
or two low doses (1, 2, and 5 μg), revealing that 100% of 
participants induced neutralizing titers above the World 
Health Organization (WHO) threshold in the two-dose 
groups [15, 16]. However, compared to the three-dose 
Rabipur vaccine (a rabies inactivated vaccine), the levels 
were lower and kinetics delayed, indicating the need for 
improving mRNA vaccine dosing strategies to surpass 
Rabipur [17]. Various measures have been adopted to 
enhance the immunogenicity of mRNA vaccines, includ-
ing improving delivery systems, targeted delivery, using 
circular RNA vaccines, and employing adjuvants. Our 
previous work has demonstrated that using lipopoly-
plex nanoparticles delivery systems and employing cir-
cular RNA vaccines with higher stability can effectively 
enhance the immunogenicity of mRNA vaccines [11, 18]. 
The team led by Satoshi Uchida effectively enhanced the 
efficacy of mRNA vaccines by integrating immunostim-
ulatory adjuvants into the mRNA chain through RNA 
engineering [19]. Additionally, researchers have induced 
robust immune responses against variants of the novel 
coronavirus by using manganese-adjuvanted mRNA 
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vaccines [20]. These studies collectively demonstrate the 
tremendous potential for enhancing mRNA vaccines.

As a cytokine, interleukin-7 (IL-7) plays a crucial role 
in the proliferation and differentiation of lymphocyte 
subsets, particularly T cells and B cells [21]. Specifically, 
exogenous IL-7 has been found to enhance humoral 
immunity by promoting the development of T folli-
cular helper (Tfh) cells [21]. Tfh cells provide help to B 
cells, inducing the generation of high-affinity antibodies 
in germinal centers (GCs) [22]. Therefore, IL-7 is con-
sidered a key cytokine for inducing Tfh cell production 
and enhancing antibody responses. Particularly, a recent 
study discovered that IL-7 pretreatment significantly 
enhances the protein expression capacity of mRNA in 
T cells, which plays a critical role in enhancing mRNA 
immunogenicity [23]. These findings underscore the 
potential of IL-7 as a novel adjuvant in enhancing the 
immunogenicity of mRNA vaccines.

In this study, we employed IL-7 as a stimulatory adju-
vant to enhance the immune response, co-delivering 
IL-7 mRNA and RABV G mRNA in LNPs for synergis-
tic immunization. Following a single-dose vaccination 
of this vaccine in mice, compared to vaccines without 
IL-7, it exhibited the ability to stimulate higher levels of 
RABV virus-neutralizing antibody by promoting germi-
nal center reactions. It also provided protection against 
RABV challenge in mice for up to 6 months. Meanwhile, 
when using the SARS-CoV-2 as a model, IL-7 effectively 
enhanced the antibody response induced by S mRNA 
encoding the spike (S) protein of the SARS-CoV-2. These 
findings suggest that IL-7 encoded by mRNA is a prom-
ising candidate adjuvant for mRNA vaccines against 
emerging and re-emerging infectious pathogens.

Results
The design and characterization of an mRNA vaccine 
expressing both RABV‑G and IL‑7
Having previously demonstrated the feasibility of utiliz-
ing the glycoprotein derived from the RABV as an anti-
gen for mRNA-based vaccines in human subjects [17], 
we have developed an mRNA vaccine encoding the gly-
coprotein (G) of the RABV. Additionally, IL-7 mRNA as 
an adjuvant has been introduced, accompanied by the 
utilization of the modified nucleoside N1-methylpseu-
dopyrimidine (Fig.  1A). Capillary electrophoresis and 
agarose gel electrophoresis analysis confirmed that the 
in  vitro-transcribed mRNA exhibited high purity and 
integrity (Fig. S1A and B). To extend and facilitate effi-
cient antigen expression [24], G mRNA and IL-7 mRNA 
were furthermore co-encapsulated in LNPs for vaccina-
tion, termed as G&IL-7 mRNA (Fig.  1B). The encapsu-
lation efficiency of the LNPs was determined, and the 
analysis revealed that the LNP formulation achieved an 

encapsulation efficiency of 86.1%. Transmission elec-
tron microscopy (TEM) analysis revealed the presence 
of an electron-dense core in LNPs encapsulating mRNA 
(Fig. 1C), while dynamic light scattering analysis in PBS 
characterized the particle size of the LNPs (Fig.  1D). 
Subsequently, following the transfection of HEK-293T 
cells with LNP-encapsulated G mRNA, IL-7 mRNA or 
G&IL-7 mRNA, the expression of G and IL-7 were con-
firmed (Fig. 1E and Fig. S1C).

IL‑7 enhances the RABV mRNA vaccine‑induced antibody 
titers
The dose of G mRNA used in this study was selected 
based on previously experiments conducted in our 
laboratory, as well as data from published research on 
RABV mRNA vaccines [18, 25]. To determine the adju-
vant effect of IL-7 mRNA on the immunogenicity of the 
RABV mRNA vaccine, we first conducted an experiment 
comparing the efficacy of co-encapsulating G and IL-7 
mRNA in a single LNP versus separately encapsulat-
ing them in different LNPs followed by co-injection. The 
results showed no significant difference in the levels of 
RABV virus-neutralizing antibody (VNA) titer induced 
by the two strategies (Fig. S2). Given the similar immune 
response results, the co-encapsulation strategy was cho-
sen, as it simplifies the vaccine production process and 
reduces costs. IL-7 mRNA was screened at doses of 
0.5  μg, 2.5  μg, and 5  μg, each co-encapsulated with G 
mRNA at a fixed dose of 2.5 μg in LNPs (Fig. 2A). These 
LNP-encapsulated RABV mRNA vaccines were adminis-
tered to mice, and blood samples were collected weekly 
for 6 weeks to measure VNA titers. The results showed 
that, compared to the control group receiving only G 
mRNA, the RABV mRNA vaccine containing 2.5  μg 
and 5 μg of IL-7 mRNA produced higher levels of VNA 
titers. However, there was no significant difference in 
VNA titers levels between the two doses of IL-7 mRNA 
(Fig.  2B). Therefore, 2.5  μg of IL-7 mRNA was chosen 
as the adjuvant dose for subsequent experiments. Using 
G mRNA, G&IL-7 mRNA or inactivated rabies vaccine 
(ITV) for immunization of mice, serum samples were 
collected and VNA titers levels were monitored for up to 
6 months (Fig. 2C). The results showed that IL-7 mRNA 
as an adjuvant enhanced the immunogenicity of the 
RABV mRNA vaccine throughout the 6-month period. 
Moreover, IL-7 mRNA prolonged the peak of VNA titers 
from the fourth week to the fifth week, sustaining it at a 
higher level than the peak observed in the G mRNA and 
ITV vaccine group during the fourth week for a duration 
of seventh week  (Fig. 2D).

To further evaluate the quality of antibody responses, 
we performed enzyme-linked immunosorbent assay 
(ELISA) to measure IgG, IgG1, IgG2a, and IgG2b 
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levels in the serum (Fig.  2E–H). Consistent trends were 
observed across IgG and other antibody isotypes, indi-
cating that the addition of IL-7 mRNA as an adjuvant led 
to increased levels of IgG and other antibody isotypes 
induced by the G mRNA.

IL‑7 induces the reprogramming of transcriptome 
in inguinal lymph nodes
Inguinal lymph nodes are the primary sites where adap-
tive immune responses are generated. When exposed to 
foreign pathogens or antigens, immune cells gather in 
the inguinal lymph nodes, interact with antigens, and 

proliferate to generate immune responses [22, 26]. To 
investigate whether the expression of IL-7 affects the 
microenvironment of inguinal lymph nodes, we stud-
ied the transcriptomic changes in inguinal lymph nodes 
of mice vaccinated with G&IL-7 mRNA vaccine. The 
principal component analysis (PCA) plot demonstrated 
significant differences between the IL-7 mRNA vac-
cination group and the control group (Fig.  3A), with 
103 genes upregulated and 229 genes downregulated 
(Fig. 3B), indicating substantial transcriptional changes 
in mouse inguinal lymph nodes following IL-7 mRNA 
vaccination.

Fig. 1  The design and characterization of a RABV mRNA vaccine expressing IL-7. A A schematic diagram of nucleoside-modified mRNA encoding 
G and IL-7. SP: signal peptide. B A schematic diagram illustrating the co-encapsulation of IL-7 mRNA as an adjuvant with G mRNA in LNPs 
for vaccination. C A representative transmission electron microscopy (TEM) image of LNPs in solution after mRNA encapsulation. Scale bar, 100 nm. 
D Particle size of LNPs measured using dynamic light scattering (DLS). E HEK-293T cells were transfected with LNP-encapsulated G mRNA (1 μg), IL-7 
mRNA (1 μg) or G&IL-7 mRNA (1 μg G mRNA + 1 μg IL-7 mRNA). After 24 h, Western blotting was performed to measure the expression levels of G 
and IL-7 in the cell lysates (n = 3)
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Fig. 2  IL-7 enhances mRNA vaccine-induced antibody production in mice. A Schematic diagram of IL-7 mRNA (0.5 μg, 2.5 μg, and 5 μg) 
as an adjuvant co-encapsulated with 2.5 μg of G mRNA in LNPs. B Mice were administered G mRNA encapsulated with varying concentrations 
of IL-7 mRNA. RABV virus-neutralizing antibody (VNA) titers were assessed using fluorescent antibody virus neutralization assays (n = 10). C Mice 
were immunized via intramuscular injection with G mRNA, G&IL-7 mRNA, or the ITV vaccine. Serum samples were collected starting from week 1 
post immunization and continued until week 24. D–H VNA titers were assessed via FAVN assays. IgG, IgG1, IgG2a, and IgG2b levels in the serum 
were measured by ELISA (n = 10)



Page 6 of 19Wang et al. Journal of Nanobiotechnology          (2024) 22:716 

After IL-7 mRNA vaccination, pathways related to 
adaptive immunity, oxidative stress, amino acid syn-
thesis, fatty acid metabolism, neutrophil extracellular 
trap formation, and inflammatory responses (including 
TNF signaling pathway, IL-17 signaling pathway, JAK-
STAT signaling pathway) were significantly enriched 
(Fig.  3C). IL-7 primarily regulates the development of 
B cells, T cells, and dendritic cells through pathways 
such as JAK-STAT and PI3K-Akt [27–29]. However, 
although PI3K-Akt appeared to be enriched here, it was 
not significant. To investigate the potential involvement 

of the JAK-STAT pathway in response to IL-7 stimu-
lation, we performed quantitative RT-PCR to assess 
the expression of key genes in this signaling pathway. 
The results showed a significant upregulation of JAK1, 
STAT5A, STAT5B, SOCS1, and SOCS2, suggesting 
the involvement of the JAK-STAT pathway (Fig. S3A). 
To further verify JAK-STAT pathway activation, West-
ern Blot (WB) analysis was employed to confirm the 
phosphorylation of JAK1 and STAT5, which are com-
monly regarded as markers indicative of this pathway’s 
activation [30–32]. Experimental results indicated 

Fig. 3  Transcriptome analysis of LNs reveals distinct immune responses between IL-7 expression and control mice. A The PCA model plot 
of transcriptomic profiles from the inguinal lymph nodes (LNs) of mice (n = 7) inoculated with G&IL-7 mRNA and G mRNA. PCA Plot showing 
the global differences between IL-7 expression and control groups. B Volcano plots of differentially expressed genes between different groups. 
The red dots represent genes that are upregulated, the blue dots represent genes that are downregulated, and the gray dots represent genes 
that are not different. FDR < 0.01, | log2 (fold change) | > 1. C KEGG and GO enrichment analysis of differentially expressed genes. The data are 
represented as circles, where the size indicates the gene count for that particular process, and the color represents the −Log10 p-value calculated 
with one-sided Fisher’s Exact test with Benjamini–Hochberg correction. D GSEA pathway enrichment analysis of the identified differentially 
expressed genes present in the genome G&IL-7 vs G with negative regulation of apoptotic process path. PCA principal component analysis, KEGG 
Kyoto Encyclopedia of Genes and Genomes, GO Gene Ontology, FDR False Discovery Rate
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that phosphorylation levels of JAK1 and STAT5 in the 
G&IL-7 group were significantly upregulated com-
pared to the G group, thus confirming the activation of 
the JAK-STAT pathway at the protein level (Fig. S3B). 
Additionally, pathways including transcription, anti-
apoptosis, cellular cytoskeleton components, cellular 
membrane, and phagosome also showed significant 
enrichment (Fig. 3C, D). Overall, these results indicate 
that IL-7 vaccination alters the overall transcriptional 
profile of mouse inguinal lymph nodes.

IL‑7 promotes the proliferation of Tfh cells, GC B cells 
and PCs in mice
T follicular helper (Tfh) cells have the specialized abil-
ity to migrate towards Germinal Centers (GCs), which 
are structures densely populated by highly prolifera-
tive Germinal Center B (GC B) Cells [33]. They play a 
critical role in producing enduring and high-affinity B 
cell responses [34]. Hence, further investigation was 
conducted to explore the function of IL-7 mRNA in the 
formation of Tfh cells and GC B cells. Three groups of 
C57BL/6 mice received immunization with G mRNA, 
G&IL-7 mRNA, or PBS, and the frequencies of Tfh cells 
(Fig. 4A and Fig. S4A) and GC B cells (Fig. 4C and Fig. 
S4B) in the inguinal lymph nodes were evaluated by 
flow cytometry at 7  days and 14  days post-immuniza-
tion (dpi). Compared to the G mRNA, G&IL-7 mRNA 
elicited a robust population of Tfh cells (Fig.  4B) and 
GC B cells (Fig. 4D) at 7 and 14 dpi.

GC B cells undergo differentiation into either mem-
ory B cells (MBCs) or plasma cells (PCs) through 
interactions with Tfh cells, which is a crucial step in 
establishing immune protection [35, 36]. To assess the 
impact of IL-7 mRNA on PCs formation, the propor-
tion of PCs (Fig. 4E and Fig. S4C) was evaluated using 
flow cytometry following immunization mice with G 
mRNA, G&IL-7 mRNA, or PBS. As anticipated, mice 
vaccinated with G&IL-7 mRNA exhibited significantly 
more PCs in bone marrows compared to those vacci-
nated with G mRNA (Fig.  4F). These findings collec-
tively suggest that G&IL-7 mRNA vaccine boosts the 

generation of Tfh cells, GC B cells and PCs in mice 
compared to the G mRNA.

IL‑7 expressing mRNA vaccine elicits robust secondary 
antibody responses in mice
Memory B cells (MBCs) play a crucial role in the rapid 
establishment of protective immunity upon re-infec-
tion [37, 38]. To evaluate the potential of IL-7 mRNA in 
inducing memory immunity post-immunization, mice 
were immunized with G mRNA, G&IL-7 mRNA, or 
PBS, and flow cytometry was used to assess the ratio of 
MBCs (Fig.  5A and Fig. S5) at 6  weeks post immuniza-
tion (wpi). A substantial increase in MBCs (Fig. 5B) was 
observed in mice immunized with G&IL-7 mRNA com-
pared to those that received G mRNA. To further assess 
the influence of IL-7 mRNA on the secondary antibody 
response, mice received booster immunization using 
the same doses as the primary immunization at 24  wpi 
(Fig. 5C). Two weeks after the booster immunization, the 
BM cells and LNs cells were collected for the evaluation 
of PCs (Fig.  5D and Fig. S4C) and RABV-specific anti-
body-secreting cells (ASCs; Fig. 5F) using flow cytometry 
and ELISpot assays, respectively. G&IL-7 mRNA elicited 
significantly higher levels of PCs (Fig.  5E) and RABV-
specific ASCs (Fig. 5G) compared to G mRNA. Similarly, 
G&IL-7 mRNA resulted in higher levels of IgG (Fig. 5H) 
and VNA titers (Fig. 5I) compared to G mRNA in mice 
14 days post-receiving a booster dose.

IL‑7 expressing mRNA vaccine induces durable antibody 
production and provides long‑term protection
To further determine the long-term protective efficacy of 
G&IL-7 mRNA in comparison with G mRNA, mice were 
immunized with G mRNA, G&IL-7 mRNA, or PBS. Sub-
sequently, the mice were challenged with a lethal dose of 
50 LD50 of the virulent RABV strain CVS-24 at 3 weeks 
(Fig. 6A) or 24 weeks (Fig. 6D) post immunization were 
performed, respectively. No deaths were observed in 
mice that received G&IL-7 mRNA or G mRNA 3 weeks 
prior to the RABV challenge, while all mice that received 
the placebo succumbed to rabies within 10 days (Fig. 6C). 
Notably, 70% and 100% of the mice in the G mRNA and 
G&IL-7 mRNA groups survived RABV challenge at week 

(See figure on next page.)
Fig. 4  IL-7 promotes the proliferation of Tfh cells, GC B cells and PCs in mice. C57BL/6 mice were immunized with G mRNA, G&IL-7 mRNA, 
or PBS, respectively. A Representative flow cytometric plots of Tfh cells in inguinal lymph nodes (LNs) cells. At 7 and 14 dpi, LNs cells were 
stained with markers specific to Tfh cells (CD4+CXCR5+PD-1+). B Statistical analyses were conducted on CD4+CXCR5+PD-1+ Tfh cell plots (n = 5). C 
Representative flow cytometric plots of GC B cells in inguinal lymph nodes cells. At 7 and 14 dpi, LNs cells were stained with markers specific to GC 
B cells (B220+GL7+CD95+). D Statistical analyses were conducted on B220+GL7+CD95+ GC B cell plots (n = 5). E Representative flow cytometric plots 
of PCs in bone marrow (BM) cells. At 7 and 14 dpi, BM cells were stained with markers specific to PCs (B220lowCD138+). F Statistical analyses were 
conducted on B220lowCD138+ PCs plots (n = 5)
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Fig. 4  (See legend on previous page.)
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24 after inoculation, respectively, while the mice in the 
placebo group all died of RABV within 11 days (Fig. 6F). 
In both vaccinated groups, there was a gradual increase 
in body weight after a temporary decline, whereas the 
negative control group showed a sustained decrease in 
body weight (Fig. 6B, E). These results demonstrate that 
G&IL-7 mRNA provides long-term prophylactic efficacy 
against lethal RABV challenge.

An acute toxicity assay was performed to preliminarily 
assess the safety profile of G&IL-7 mRNA vaccine. Serum 
samples collected 24 h after vaccine administration were 
used to assess the levels of several key cytokines and bio-
chemical indicators. The results indicated that the levels 
of IL-1β, TNF-α, and IFN-γ remained unchanged, while 
IL-6, a cytokine crucial for early Tfh cell differentiation 
in mice [39], showed a modest increase in the groups 
vaccinated with G&IL-7 mRNA or G mRNA (Fig. S6A). 
Blood biochemical parameters, including ALT, AST, 
CREA, and TP, remained within normal physiological 
ranges (Fig. S6B). Furthermore, hematoxylin and eosin 
(H&E) staining of major organ sections revealed no sig-
nificant pathological damage (Fig. S6C). These data pro-
vide preliminary evidence regarding the safety profile of 
the G&IL-7 mRNA vaccine.

A SARS‑CoV‑2 mRNA vaccine incorporated with IL‑7 elicits 
potent immune responses
SARS-CoV-2 infection poses a substantial global health 
threat, emphasizing the critical importance of vaccines 
targeting this virus [40, 41]. To demonstrate the potential 
of the IL-7 mRNA in enhancing immunogenicity across 
diverse antigens, we developed an mRNA vaccine encod-
ing the spike (S) protein of SARS-CoV-2 (Fig. 7A). After 
transfecting HEK-293T cells with LNP-encapsulated S 
mRNA, IL-7 mRNA or S&IL-7 mRNA, the expression of 
S and IL-7 was confirmed (Fig. 7B). Following this, IL-7 
mRNA was incorporated as an adjuvant in S mRNA to 
assess its adjuvant effect in murine models. To select 
the optimal IL-7 mRNA dose, we conducted experi-
ments with different dose gradients and ultimately chose 
10 µg as the study dose (Fig. S7). Mice were divided into 

2 groups, after immunizing with S mRNA and S&IL-7 
mRNA for 4 weeks, respectively, a booster immunization 
was administered with the same dosage, serum samples 
were collected for detection of antibodies against SARS-
CoV-2 (Fig.  7C). We utilized ELISA to detect S-specific 
IgG, and the results revealed that the IgG levels in the 
S&IL-7 mRNA group were higher than those in the S 
mRNA group during the week 4 of primary immuniza-
tion and the week 2 and week 4 of booster immunization 
(Fig. 7D–G). Additionally, to further assess the quality of 
antibodies, IgG2a and IgG1 were measured using ELISA. 
The findings demonstrated that S&IL-7 mRNA induced 
elevated IgG2a (Fig. 7H) and IgG1 (Fig. 7I) levels at week 
4 post booster immunization. Subsequently, a pseudovi-
rus neutralization assay was employed to evaluate the 
anti-SARS-CoV-2 neutralizing antibodies (nAbs) in the 
serum of vaccinated mice. The results indicate that, from 
weeks 2 to 5 post-booster immunization, S&IL-7 mRNA 
induced higher pVNT50 (pseudovirus 50% neutralization 
titers) compared to S mRNA alone (Fig.  7J). Moreover, 
at week 3 post-booster immunization, the pVNT50 of 
S&IL-7 mRNA reached 2.8 times that of S mRNA. Over-
all, upon comparing the levels of IgG, IgG1 and IgG2a 
levels as well as pVNT50, S&IL-7 mRNA induced a more 
robust immune response than S mRNA.

Discussion
With advancements in delivery systems represented 
by LNP, the application of mRNA vaccines is becom-
ing increasingly widespread. Compared to traditional 
vaccines, mRNA vaccines have several advantages, 
including ease of manufacturing, rapid production, and 
favorable safety profiles. However, a challenge faced by 
mRNA vaccines is that the immune response induced 
by individual mRNA vaccines may be insufficient [42]. 
Previously, it has been observed that patients who 
received Pfizer’s and Moderna’s SARS-CoV-2 vaccines 
based on LNP technology experienced a gradual decline 
in immunity after vaccination, highlighting the need 
for further improvement of mRNA vaccines to achieve 
sustained immunity [43–45]. From the perspective of 

Fig. 5  IL-7 facilitates the secondary antibody responses in mice. A Representative flow cytometric plots of MBCs in spleen cells. At 6 weeks 
post primary-immunization, spleens cells were stained with markers specific to MBCs (B220+IgD−CD273+CD38+). B Statistical analyses were 
conducted on B220+IgD−CD273+CD38+ MBCs plots (n = 5). C Experimental design schematic depicting the immunization protocol. C57BL/6 
mice were immunized with G mRNA, G&IL-7 mRNA, or PBS. After 24 weeks, all groups received a booster dose of the same vaccine formulation. D 
Representative flow cytometric plots of PCs in BM cells. At 2 weeks after booster-immunization, BM cells were stained with markers specific to PCs 
(B220lowCD138+). E Statistical analyses were conducted on B220lowCD138+ PCs plots (n = 5). F Representative images from ELISpot assays were 
obtained. LNs cells were prepared at 2 weeks after booster-immunization, and the RABV-specific ASCs were quantified using the ELISpot assay. G 
Statistical analysis was conducted on the quantity of RABV-specific ASCs (n = 4). H The RABV IgG antibody was detected using ELISA before and after 
the booster dose (14 dpi) (n = 10). I VNA titers were assessed using fluorescent antibody virus neutralization assays before and after the booster dose 
(14 dpi)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  A RABV mRNA vaccine expressing IL-7 induces durable antibody production and provides long-term protection. A, D Experimental design. 
3 weeks (A) or 24 weeks (D) after immunization of mice with G mRNA, G&IL-7 mRNA, or PBS, an intracerebral injection of 50 LD50 of the virulent 
RABV strain CVS-24 was administered. B, E Changes in body weight are presented with error bars indicating the means ± standard deviation (SD). C, 
F Survival rates. Intergroup differences in survival rates were assessed using a log-rank test
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reducing side effects and costs, this requires increas-
ing the immunogenicity of mRNA vaccines without 
increasing or decreasing the vaccine dose. To elicit the 
optimal immune response, mRNA vaccines need to 
utilize appropriate adjuvants [42]. Here, we report an 
adjuvant strategy demonstrating that IL-7 mRNA can 
serve as an adjuvant for mRNA vaccines. By co-encap-
sulating with antigen mRNA in LNPs, it synergistically 
enhances the strength and durability of the immune 
response induced by mRNA vaccines.

Loading both antigen and adjuvant into a single vaccine 
formulation shows promise for enhancing vaccination 
outcomes [19, 46]. When applying this strategy to mRNA 
vaccines, adjuvant mRNA and antigen mRNA can be co-
encapsulated into the delivery vehicle through simple 
mixing. Our previous research demonstrated that incor-
porating IL-7 into the recombinant RABV genome sig-
nificantly enhances vaccine immunogenicity and induces 
durable humoral responses [47]. Additionally, IL-7 over-
expression was found to boost the immune response 
in recombinant canine distemper virus vaccines [48]. 
Similarly, other studies have shown that co-delivery of 
mouse Fc-fused IL-7 with inactivated influenza vaccines 
enhances antibody responses [21, 49]. Moreover, strate-
gies such as cloning IL-7 into DNA vaccines, co-deliv-
ering IL-7 DNA with DNA vaccines, or fusing IL-7 with 
antigens have been found to enhance immune responses 
across various vaccine platform [21, 50–53]. These find-
ings demonstrate the application of IL-7 as an adjuvant in 
vaccines. While IL-7 has shown promise as an adjuvant 
in protein and DNA vaccines, its application in mRNA 
vaccines has not been shown to date. Using RABV G 
and SARS-CoV-2 S proteins as model antigens, we dem-
onstrated that the co-immunization of G mRNA + IL-7 
mRNA or S mRNA + IL-7 mRNA can induce potent anti-
body responses compared to mRNA encoding only G or 
S proteins. Consistent with previous reports, co-delivery 
of IL-7 mRNA significantly enhances the expansion of 
Tfh cells and GC B cells, as well as promotes the genera-
tion of plasma cells. Transcriptomic analysis of mouse 
inguinal lymph nodes post-vaccination also revealed 
significant enrichment of pathways associated with cell 

proliferation. Our study further expands the application 
potential of IL-7 as an adjuvant for mRNA vaccines.

IL-7 primarily influences the development of B cells, T 
cells, and dendritic cells by activating the JAK-STAT and 
PI3K-Akt signaling pathways [27, 28]. Previous studies 
have shown that IL-7 enhances STAT5 transcriptional 
activity, promoting Glut1 translocation and glucose 
uptake, which helps prevent T cell apoptosis and sus-
tain T cell homeostasis [54]. Additionally, IL-7-mediated 
STAT5 activation plays a critical role in the survival of 
naïve CD4 T cells, further highlighting the importance 
of IL-7 in maintaining immune balance [55]. Therefore, 
we focused on the JAK-STAT pathway and investigated 
the expression of key genes and proteins associated with 
this signaling pathway. The upregulation of key genes and 
verification of protein phosphorylation indicate the role 
of IL-7 in mediating JAK-STAT signaling, consistent with 
previous studies [31, 32, 54–56]. However, the lymph 
node microenvironment is highly complicated, encom-
passing a diverse array of cell types, not all of which may 
respond to IL-7 signaling [57, 58]. Consequently, eluci-
dating the mechanisms by which IL-7 extends humoral 
immune responses necessitates the use of more advanced 
technologies, such as single-cell techniques, for further 
investigation into its role in immune modulation.

The decline in vaccine-induced antibody titers 
increases the risk of breakthrough infections [11, 18, 59, 
60]. To enhance the durability of immune responses, 
various strategies have been adopted, one of which is 
the use of multi-dose vaccinations. Currently licensed 
inactivated rabies vaccines have demonstrated accept-
able efficacy and tolerability [61]. However, they are one 
of the most expensive vaccines on the market, requiring 
two to five doses depending on the regimen followed and 
whether the vaccine is administered before or after expo-
sure [5, 14, 62]. In our previous work, effective protection 
with a single-dose RABV mRNA vaccine was achieved 
by increasing the translation level of the mRNA vac-
cine antigen, resulting in significantly enhanced immu-
nogenicity [11]. Additionally, while the clinical trials of 
SARS-CoV-2 mRNA candidate vaccines have adopted 
a two-dose regimen, single-dose nucleoside-modified 

Fig. 7  A SARS-CoV-2 mRNA vaccine incorporated with IL-7 elicits potent immune responses. A Schematic diagram of nucleoside-modified mRNA, 
encoding the full-length S protein. S spike protein of SARS-CoV-2, SP signal peptide. B HEK-293T cells were transfected with LNP-encapsulated 
S mRNA (2 µg), IL-7 mRNA (1 µg) or S&IL-7 mRNA (2 μg S mRNA + 1 μg IL-7 mRNA). After 24 h, Western blotting was performed to measure 
the expression levels of S and IL-7 in the cell lysates (n = 3). C Experimental design. Mice were vaccinated with 20 µg of S mRNA encapsulated 
in LNP or 10 µg of IL-7 mRNA co-encapsulated with 20 µg of S mRNA in LNP. After 4 weeks of primary immunization, a booster immunization 
was administered using the same dose as the primary immunization, and serum samples were collected. D–G SARS-CoV-2 S protein-binding IgG 
titers were detected using ELISA (n = 8). H, I SARS-CoV-2 S protein-binding IgG2a (H) and IgG1 (I) titers in mice following booster immunization 
(n = 8). J SARS-CoV-2 neutralizing antibodies against the original Wuhan strain in mice following booster immunization were detected using 
pseudovirus neutralization assay (n = 8)

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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mRNA vaccine administration has been demonstrated to 
provide sufficient protection against Zika virus challenge 
in non-human primates [24]. Increasing the dose not only 
leads to increased costs but also complicates the vaccina-
tion process, making it difficult for underserved areas to 
fully comply with the complete vaccination schedule and 
increasing patient discomfort [5, 6].

IL-7 mRNA, through the synergistic immunogenicity 
induced with antigen mRNA, allows us to adopt a single-
dose vaccination approach in our regimen. Surprisingly, 
the single-dose G mRNA + IL-7 mRNA vaccine not only 
significantly increases antibody levels but also effectively 
enhances the durability of the antibody response. Previ-
ous studies have found that long-term protection against 
lethal influenza virus infection can be achieved by intra-
nasal introduction of fusion IL-7 [49]. Our research indi-
cates that the high levels of RABV virus-neutralizing 
antibody induced by the G mRNA + IL-7 mRNA vaccine 
are maintained for at least 6 months, potentially longer, 
as RABV virus-neutralizing antibody titers remain stable, 
thus providing significant long-term protection against 
RABV infection. A RABV challenge trial conducted 
6  months after vaccination confirmed this, demonstrat-
ing that the single-dose G mRNA + IL-7 mRNA vaccine 
can protect mice from lethal RABV challenge, consist-
ent with high antibody levels. Additionally, we observed 
that IL-7 induces stronger immune memory, as levels 
of memory B cells remained higher 6  weeks after vac-
cination. Sequencing results also showed a significant 
upregulation of the cell anti-apoptosis pathway after IL-7 
mRNA vaccination. Following immune enhancement, 
IL-7 induced more plasma cells and antibody-secreting 
cells production, ensuring rapid initiation of the immune 
response in mice, consistent with the antibody levels 
generated by the G mRNA + IL-7 mRNA vaccine. These 
results demonstrate the role of IL-7 as an mRNA vaccine 
adjuvant in reducing vaccination doses and prolonging 
the duration of immune responses.

Reducing vaccine dosage, minimizing the number of 
doses, and improving vaccination routes are the key con-
cerns in vaccine development. The success of mRNA 
vaccines has made it possible to address these issues, 
provided suitable adjuvants for mRNA vaccine are found. 
In this study, we reported an effective adjuvant strategy, 
demonstrating that IL-7 can significantly enhance the 
immune response induced by mRNA vaccines and pro-
long the duration of the immune response. However, 
the antibody detection period was confined to 6 months 
and IL-7 showed a stable antibody response during this 
period, additional research is required to determine if 
this response is maintainable for over a year or longer. 
While IL-7 can offer potential benefits as an adjuvant for 
mRNA vaccines, its safety issues may limit its broader 

application. Therefore, despite initial studies in mice 
not showing significant issues, further investigation is 
needed to comprehensively assess any potential risks. In 
conclusion, this study provides more options and possi-
bilities for the development of more effective and durable 
mRNA vaccines.

Materials and methods
Animals and ethics statement
C57BL/6 and ICR female mice at the age of 6 to 8-week-
old were purchased from the Centers for Disease Control 
of Hubei Province, China. All mice were bred and main-
tained within a controlled specific pathogen-free (SPF) 
facility at the Laboratory Animal Center of Huazhong 
Agricultural University. Mice demonstrating a reduc-
tion in their initial body weight of ≥ 25% were euthanized 
in accordance with humane protocols and recorded as 
deceased. The experimental protocol underwent review 
and received approval from the Scientific Ethics Com-
mittee of Huazhong Agricultural University, bearing the 
approval number HZAUMO-2023-0040.

Cells, viruses, and reagents
HEK-293T, BSR and BHK-ACE2 cell lines were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Merck, 
Cat. No# D5546) supplemented with 10% fetal bovine 
serum (FBS) (Gibco, Cat. No# 16000-044) and 1% peni-
cillin–streptomycin (Gibco, Cat. No# 15140122), within 
a 5% CO2 atmosphere at 37 °C in an incubator. The viru-
lent strain CVS-24 of RABV was preserved in our labora-
tory as previously outlined [63]. The licensed commercial 
inactivated rabies vaccine purchased from Intervert Inter-
national B.V. (Boxmeer, Netherlands) was used as a refer-
ence control. For simplicity, this vaccine is referred to as 
ITV in the paper. A 0.1 dose of the ITV vaccine was used 
in mice as a control, as previously described [18]. The 
procedures for preparing SARS-CoV-2 pseudovirus were 
executed in accordance with previously published meth-
odologies [64]. Briefly, HEK-293T cells were transfected 
with a plasmid expressing the SARS-CoV-2 S protein 
and infected with G*ΔG-VSV pseudotyped virus. After 
infection, the uncoated ΔG-VSV genome expressed all 
enzymes and structural proteins from the VSV genome 
except the G protein, which was replaced by a luciferase 
(Luc) reporter gene. Cell supernatants were collected 24 
h after infection and transfection, divided into aliquots, 
and cryopreserved at − 80 °C.

The antibodies labeled directly with fluorescein for flow 
cytometric analyses were purchased from BioLegend 
(CA, USA). FITC anti-mouse CD4 antibody (Cat. No. 
100510), PE anti-mouse CD279 (PD1) antibody (Cat. No. 
135206), and APC anti-mouse CD185 (CXCR5) antibody 
(Cat. No. 145506) were employed for the identification 
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of Tfh cells within the inguinal lymph nodes; FITC anti-
mouse CD45R/B220 antibody (Cat. No.103206), 647 
anti-mouse GL7 antibody (Cat. No. 144606), PE anti-
mouse CD95 antibody (Cat. No. 152608) were employed 
for the identification of GC B cells within the inguinal 
lymph nodes; FITC anti-mouse CD45R/B220 antibody 
(Cat. No. 103206) and APC anti-mouse CD138 (Synde-
can-1) antibody (Cat. No. 142506) were employed for 
the assessment of plasma cell numbers within the bone 
marrow (BMs); PE/Cy7 anti-mouse CD45R/B220 anti-
body (Cat. No. 103222), FITC anti-mouse IgD (Cat. 
No. 405703), PE anti-mouse CD273 (Cat. No. 107205) 
and APC anti-mouse CD38 antibody (Cat. No. 102712) 
were employed for the identification of memory B cells 
(MBCs) within the spleens. Anti-RABV G protein mono-
clonal antibody and RABV G protein was prepared fol-
lowing established protocols as previously outlined [61, 
63]. The antibodies labeled with fluorescein isothiocy-
anate (FITC) targeting the RABV N protein were pur-
chased from Fujirebio Diagnostics, Inc. (Malvern, PA). 
Anti-IL-7 antibody (Cat. No. ab84271) was purchased 
from Abcam (Cambridge, UK). Anti-JAK1 antibody (Cat. 
No. A18323), anti-STAT5 antibody (Cat. No. A5029) 
and anti-Phospho-STAT5 antibody (Cat. No. AP0887) 
were purchased from Abclonal (Wuhan, China). Anti-
Phospho-Jak1 antibody (Cat. No. 3331) was purchased 
from Cell Signaling Technology (Danvers, MA, USA). 
The horseradish peroxidase (HRP)-conjugated goat 
anti-mouse IgG, IgG1, IgG2a, and IgG2b antibodies for 
enzyme-linked immunosorbent assay (ELISA) were pro-
cured from Boster (Wuhan, China). Ionizable cationic 
lipid (SM102) (Cat. No. 06040008800), PEG-lipid (Cat. 
No. 06020112402), cholesterol (Cat. No. 06040010300), 
and phosphatidylcholine (DSPC) (Cat. No. 06030001100) 
were purchased from SINOPEG Biotechnology Co., Ltd. 
(Xiamen, China).

mRNA synthesis
mRNA was synthesized in vitro using the T7 High Yield 
RNA Transcription Kit (Novoprotein, Cat. No# E137), 
incorporating N1-methylpseudouridine as a substitute 
for uridine. The linear DNA template serving as a sub-
strate comprises both the 5′ and 3′ untranslated regions 
(UTRs). The Cap 1 Capping System (Novoprotein, Cat. 
No# M082) and Poly(A) Polymerase (Novoprotein, Cat. 
No# M012) were employed to add the Cap1 structure 
and a poly(A) tail, respectively, to the 5′ and 3′ ends of 
mRNA. The purification of mRNA products entails mix-
ing with lithium chloride and incubating at − 20  °C for 
a minimum of 30  min. Subsequently, centrifugation at 
10,000×g at 4  °C for 15  min is performed to collect the 
precipitate. The pellet is then washed three times with 
pre-chilled 70% ethanol and resuspended in RNase-free 

water. Following resuspension, the precipitate is stored at 
− 80 °C until further utilization.

LNP Formulation of the mRNA
The LNP-mRNA vaccine utilizes LNPs formulation to 
encapsulate the mRNA. The LNPs employed in this study 
were formulated by dissolving an ionizable cationic lipid, 
phosphatidylcholine, cholesterol, and DSPE-PEG2k at a 
ratio of 50:10:38.5:1.5 in anhydrous ethanol [65]. Mean-
while, mRNA was dissolved in a citrate buffer with a pH 
of 4 and a concentration of 50 mM. The LNP and mRNA 
were mixed at a volume ratio of 1:3 within a microfluidic 
device, followed by dilution of the LNP-mRNA formula-
tions with a 35-fold volume of 1 × PBS buffer (pH 7.4) and 
subsequent concentration to an mRNA concentration of 
0.1 mg/mL using 30 kD Amicon Ultra Centrifugal Filters 
(Millipore, Cat. No# UFC903096).

Nanoparticle characterization
Particle size (Dynamic Light Scattering, DLS) measure-
ments were performed using a Zeta sizer Nano ZS instru-
ment (Malvern Instrument Co., Ltd.). Nanoparticles were 
added to 1 cm test dishes at appropriate concentrations, 
followed by analysis using a dynamic light scattering 
instrument to ascertain particle size. Transmission elec-
tron microscopy (TEM) was conducted following the 
dilution of LNP-mRNA nanoparticle. Specifically, 10 μL 
aliquots were placed onto copper mesh and allowed to 
stand for 10 min. Following the removal of excess liquid 
using filter paper, the morphology of LNPs was inspected 
utilizing a transmission electron microscope (HITACHI) 
equipped with a field emission gun operating at 80 kV.

mRNA transfection in vitro
HEK-293T cells were seeded at a density of 4 × 105 cells 
per well in 24-well plates and incubated at 37  °C in 5% 
CO2 atmosphere for 12 h. Subsequently, LNP-encapsu-
lated mRNA was directly transfected into HEK-293T 
cells. At 24 h after transfection, cell lysates were collected 
using RIPA Lysis Buffer (Beyotime, Cat. No# P0013D), 
followed by a 30 min incubation on ice. After centrifu-
gation at 10,000×g, the supernatant was combined with 
SDS-loading buffer.

Mouse vaccination and challenge
Mice aged 6–8 weeks were randomly allocated to speci-
fied groups. Mice were immunized via intramuscu-
lar (i.m.) injection with LNP-encapsulated G mRNA, 
G&IL-7 mRNA, S mRNA, S&IL-7 mRNA. The ITV 
vaccine and PBS were used as a control. A mouse chal-
lenge model using the virulent RABV strain CVS-24 
has been previously described [61]. At either 3 weeks or 
6  months post-immunization, mice were subjected to 
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an intracranial challenge with 30 μL of 50 LD50 (median 
lethal doses) of CVS-24. Subsequently, their body weights 
and mortality were monitored and recorded daily.

RABV virus‑neutralizing antibody measurement
RABV virus-neutralizing antibody (VNA) titers were 
measured using the fluorescent-antibody virus neu-
tralization (FAVN) assay, following previously described 
methods [66]. In brief, blood was collected from mice 
at specific time points, and the serum was subsequently 
separated and inactivated for 30 min at 56 °C. Test serum 
and standard serum were serially diluted in 96-well 
microplates. 100 μL of DMEM was dispensed into each 
well of a 96-well plate, followed by adding 50 μL of either 
test serum or standard serum to the first column, and 
then serial three-fold dilutions were performed. Each 
sample was added to four adjacent wells for analysis. A 
suspension of RABV (CVS-11) was added to each well, 
and the plates were then incubated at 37 °C for 1 h. Sub-
sequently, 2 × 104 BSR cells were added to each well, fol-
lowed by further incubation at 37  °C for 72  h. Samples 
were then fixed with 80% ice-cold acetone for 30 min and 
stained with FITC-conjugated antibodies targeting the 
RABV N protein. Fluorescence was observed utilizing 
an Olympus IX51 fluorescence microscope (Olympus, 
Tokyo, Japan). Fluorescence values were compared with 
reference serum values acquired from the National Insti-
tute for Biological Standards and Control in Hertford-
shire, UK. Following this, the results were standardized 
and quantified as international units per milliliter (IU/
mL).

ELISA analysis of antibody titers
ELISAs were performed to determine antibody, follow-
ing established protocols [67]. In brief, serum samples 
were collected and subsequently inactivated at 56 °C for 
30  min. ELISA plates were incubated overnight at 4  °C 
with purified RABV virion, which were diluted to a con-
centration of 500 ng per well in a protein coating buffer 
(5  mM Na2CO3, pH 9.6). After incubating overnight at 
4 °C, the plates were washed three times and then blocked 
for 1 h at 37  °C. The serum was subsequently diluted in 
PBST containing 5% (wt/vol) skim milk at dilutions of 
1:2,000 for IgG, 1:100 for IgG1, and 1:200 for IgG2a and 
IgG2b. Subsequently, 100  μL of the diluted serum was 
dispensed into the plates and incubated at 37 °C for 1 h. 
After washing the plates three times with PBST, 100 μL 
of horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG, IgG1, IgG2a, or IgG2b was added to each 
well and incubated for 45 min at 37 °C. After the incuba-
tion, the plates were washed three times. Subsequently, 
100  μL of tetramethylbenzidine (TMB) substrate (Bio-
time Biotechnology, Shanghai, China) was added to each 

well to initiate a chromogenic reaction, and the plates 
were allowed to incubated at 37 °C for 5 min before the 
addition of 50 μL of 2 M H2SO4. Optical densities were 
measured at 450  nm using a SpectraMax 190 spectro-
photometer (Molecular Devices, CA, USA).

The SARS-CoV-2 S-specific IgG, IgG1, and IgG2a anti-
body were measured by ELISA. ELISA plates were coated 
overnight at 4  °C with 100  μL of a solution containing 
2  ng/μL of SARS-CoV-2 S protein (Vazyme, Cat. No# 
CG202-01) diluted in coating buffer. After blocking the 
plates for 1 h, the diluted serum was added and incubated 
for 1  h, followed by 3 washes with PBST. Subsequently, 
plates were treated with horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse IgG, IgG1, or IgG2a, and 
incubated at 37 °C for 60 min. The subsequent chromo-
genic steps followed the previously described protocol. 
The endpoint titers were defined as the highest reciprocal 
dilution of serum to yield an absorbance greater than 2.1-
fold of the background values.

Pseudovirus neutralization assay
SARS-CoV-2 neutralizing antibody titers were assessed 
following established protocols [64]. In brief, the mouse 
serum was serially diluted and then mixed with a specific 
quantity (ranging from 325 to 1300 TCID50/mL) of pseu-
dotyped virus for 1  h at 37  °C. After that, BHK-ACE2 
cells were added to each well, followed by further incuba-
tion at 37  °C for 24 h. A negative control using DMEM 
was incorporated for comparative analysis. Subsequently, 
the supernatant was removed, and a luciferase substrate 
as dispensed into each well. The mixture was then left 
to incubate in the dark at room temperature for 2  min. 
Luciferase activity was quantified using a Spark® Multi-
mode microplate reader (TECAN, Swiss). The pVNT50 
was characterized as the dilution fold achieving over 50% 
inhibition of pseudotyped virus infection relative to the 
control group.

Flow cytometry (FCM) and ELISpot assay
T follicular helper (Tfh) cells, Germinal Center B (GC 
B) cells, memory B cells (MBCs), and plasma cells (PCs) 
obtained from inguinal lymph nodes (LNs), spleens or 
bone marrows (BMs) were examined using flow cytom-
etry, following established procedures [61]. In brief, LNs, 
spleens and BMs from mice were harvested, and solid 
tissues were gently homogenized in pre-cooled PBS (pH 
7.4). The cells were suspended in PBS containing 0.2% 
BSA (w/v), filtered through a 40-mm nylon filter into a 
tube, centrifuged, and then washed with PBS contain-
ing 0.2% BSA. After removing red blood cells using lysis 
buffer (catalog number 555899, BD Biosciences Inc., 
Franklin Lakes, NJ, USA), the cells were washed twice 
with PBS containing 0.2% BSA and then resuspended. 
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Subsequently, the resuspended cells were counted, and 
1 × 106 cells were stained with fluorescence-labeled anti-
bodies. After incubation at 4 °C for 30 min, the cells were 
washed twice with PBS containing 0.2% BSA. Finally, data 
acquisition and analysis were conducted utilizing a BD 
FACSVerse flow cytometer (BD Biosciences, CA, USA) 
along with FlowJo software (TreeStar, CA, USA).

The ELISpot assay was conducted to evaluate the pro-
duction of RABV-specific antibody-secreting cells in 
the inguinal lymph nodes [68]. Multiscreen HA ELISpot 
plates (Millipore, MA, USA) were coated with 500 ng of 
purified RABV virions per well and then incubated for 
16 h at 4  °C. The coated plates were washed and subse-
quently blocked with RPMI 1640 supplemented with 10% 
FBS for 2 h at 37 °C. Cell suspensions from inguinal LNs 
were added to the blocked ELISpot plates and incubated 
at 37 °C for 24 h. Following this, the cells in the ELISpot 
plates underwent sequential incubation with biotin-con-
jugated mouse IgG antibody (Bethyl Laboratories, TX, 
USA) and streptavidin–alkaline phosphatase (Mabtech, 
Stockholm, Sweden), followed by color development 
using BCIP/NBT-plus (Mabtech, Stockholm, Sweden). 
The plates were scanned, and spots were quantified. 
Then, the plates underwent scanning and analysis using 
the Mabtech IRIS FluoroSpot/ELISpot reader, employing 
RAWspot technology for multiplexing at the single-cell 
level.

Statistical analyses
Statistical analyses were conducted using GraphPad 
Prism software version 9.0 (GraphPad Software, Inc., 
CA). For the survival rate assessments, survival curves 
were evaluated using the log-rank (Mantel-Cox) test. For 
other datasets, significant variances among groups were 
assessed using Student’s t-test and one-way ANOVA fol-
lowed by post-hoc tests. The notations used to denote 
significant distinctions between groups were as follows: 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, no sig-
nificant difference.
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