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ABSTRACT
Rabies is a lethal zoonotic disease that threatens human health. As the only viral surface protein, the rabies virus (RABV) 
glycoprotein (G) induces main neutralizing antibody (Nab) responses; however, Nab titre is closely correlated with the 
conformation of G. Virus-like particles (VLP) formed by the co-expression of RABV G and matrix protein (M) improve 
retention and antigen presentation, inducing broad, durable immune responses. RABV nucleoprotein (N) can elicit 
humoral and cellular immune responses. Hence, we developed a series of nucleoside-modified RABV mRNA vaccines 
encoding wild-type G, soluble trimeric RABV G formed by an artificial trimer motif (tG-MTQ), membrane-anchored 
prefusion-stabilized G (preG). Furthermore, we also developed RABV VLP mRNA vaccine co-expressing preG and M to 
generate VLPs, and VLP/N mRNA vaccine co-expressing preG, M, and N. The RABV mRNA vaccines induced higher 
humoral and cellular responses than inactivated rabies vaccine, and completely protected mice against intracerebral 
challenge. Additionally, the IgG and Nab titres in RABV preG, VLP and VLP/N mRNA groups were significantly higher 
than those in G and tG-MTQ groups. A single administration of VLP or VLP/N mRNA vaccines elicited protective Nab 
responses, the Nab titres were significantly higher than that in inactivated rabies vaccine group at day 7. Moreover, 
RABV VLP and VLP/N mRNA vaccines showed superior capacities to elicit potent germinal centre, long-lived plasma 
cell and memory B cell responses, which linked to high titre and durable Nab responses. In summary, our data 
demonstrated that RABV VLP and VLP/N mRNA vaccines could be promising candidates against rabies.
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Introduction

Rabies is a fatal zoonotic disease that causes nearly 
59,000 deaths annually, especially in developing 
countries such as Africa and Asia [1]. Rabies infections 
can be prevented by vaccination, and inactivated 
rabies vaccines are widely used. However, inactivated 
rabies vaccines require multiple doses to induce 
sufficient neutralizing antibody titres and elicit full 
protection only in the short term [2]. Thus, a safe 
and effective vaccine that requires less frequent inocu
lations and provides long-term protection is urgently 
needed to prevent rabies.

Rabies is caused by the rabies virus (RABV), a nega
tive-sense single-stranded RNA virus which genome 
encodes five structural proteins: nucleoprotein (N), 
phosphoprotein (P), matrix protein (M), glycoprotein 
(G), and large polymerase protein (L) [3]. RABV G, 

the only surface-exposed protein, is the major antigen 
that induces neutralizing antibodies (Nab) against 
RABV infection [4,5]. Therefore, RABV G is the 
most commonly used antigen in rabies vaccines. The 
unmodified rabies mRNA vaccines CV7201 and 
CV7202 from CureVac AG, which encode the RABV 
G protein, require two doses to elicit protective Nab 
titres in preclinical trials [6,7]. A single dose of a 
nucleoside-modified rabies mRNA vaccine encoding 
the RABV G protein induces prolonged, highly pro
tective immune responses in mice [8]. Wan et al. uti
lized a core–shell structured lipopolyplex mRNA 
vaccine encoding RABV G that elicited potent 
humoral immunity in mice and dogs with a single 
immunization [9].

On the viral surface, RABV G is structurally hetero
geneous, and the conformational epitopes that elicit 
Nab responses mainly exist on the trimeric form of 
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G protein [5,10]. An enhanced antibody response was 
elicited when mice are immunized with the trimeric 
form of RABV G [11]. Therefore, we selected an artifi
cial trimer motif (MTQ) to replace the transmem
brane and endocellular domains of RABV G to form 
a more stable G trimer (tG-MTQ) [12]. RABV-G is 
a class III viral fusion protein that mediates receptor 
binding and membrane fusion. RABV G undergoes 
reversibility between pre- and post-conformation in 
a highly pH-dependent manner [13]. However, the 
main epitopes for eliciting Nab against RABV exist 
in the prefusion conformation (neutral pH) [13]. 
This structural heterogeneity may affect the gener
ation of Nab, which usually targets quaternary epi
topes in the prefusion conformation [14]. Moreover, 
stabilized prefusion conformation forms of the HIV 
Envelope glycoprotein, RSV F protein, and SARS- 
CoV-2 Spike protein have robust immunogenicity 
[15–21]. Therefore, the structure-based design of the 
prefusion conformation of RABV G has the potential 
to elicit high titres and long-term Nab.

Virus like particles (VLPs) are formed by one or 
several viral structural proteins that are nonreplicative, 
noninfective, and highly immunogenic [22,23]. VLPs 
are less than 200 nm in size and are easily presented 
by dendritic cells (DC) at injection sites to elicit an 
effective adaptive immune response [24]. The VLP 
form prolongs the retention period in lymph node fol
licles, contributing to presentation on follicular den
dritic cells (FDC) which sufficiently actives germinal 
centre (GC) [23]. Several VLP vaccines have been 
approved for use against the human papilloma virus 
and Hepatitis B virus. Moreover, co-expression of 
RABV G and RABV M can generate RABV VLP and 
that RABV M is critical for viral assembly and budding 
[25,26]. Additionally, RABV N has B and T cell epi
topes that induce humoral and cellular immune 
responses and protect against rabies [27,28]. Hence, 
RABV N is considered an alternative antigen candi
date for rabies vaccines.

The design of an immunogen and vaccine platform 
is vital for inducing long-term, high-titre Nab. Cur
rently, mRNA vaccines encapsulated with lipid nano
particles (LNP) have shown robust immunogenicity, 
and low-dose vaccines are sufficient to elicit high 
Nab titres and cellular immune responses. mRNA vac
cines can be rapidly manufactured and can activate 
GC reactions, which are required for the generation 
of prolonged humoral responses by eliciting long- 
lived plasma cells (LLPC) and memory B cells 
(MBC) [8,29,30]. In addition, clinically approved 
mRNA vaccines incorporate N1-methyl-pseudouri
dine which has been proved to decrease IVT mRNA 
innate immunogenicity and increase the immune 
efficacy [31].

In this study, we developed a series of nucleoside- 
modified mRNA vaccines encoding RABV G, soluble 

trimeric RABV G (tG-MTQ), and a prefusion-stabil
ized form of RABV G (preG). We also developed 
RABV VLP mRNA vaccine co-expressing preG and 
M to generate VLPs, and VLP/N mRNA vaccine co- 
expressing preG, M, and N, respectively. The immu
nogenicity, protective efficacy, GC responses and 
durability of RABV mRNA vaccines were assessed in 
BALB/c mice. The results demonstrated that RABV 
mRNA vaccines induced higher, durable humoral 
and cellular immune responses than inactivated rabies 
vaccine, and completely protected mice against intra
cerebral challenge. RABV mRNA vaccines, especially 
VLP and VLP/N mRNA vaccines showed superior 
capacities to elicit potent GC responses and memory 
B cell responses, demonstrating their potential as 
promising rabies vaccine candidates.

Materials and methods

Ethics statement

All animal experiments were conducted according to 
the Guide for the Care and Use of Laboratory Animals 
(Jilin University, China). All the experimental pro
cedures were reviewed and approved by the Animal 
Welfare and Research Ethics Committee of Jilin Uni
versity (ethics number: S2021018).

Cells, viruses, protein and mice

293 T cells and BSR cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM; Invitrogen, USA). 
293 6E cells were grown in serum-free OPM-293 Med
ium (Cat. 81075-001, OPM Biosciences, China), sup
plemented with 0.1% Poloxamer 188 solution (Cat. 
P5556-100ML, Sigma, USA) at 100 rpm.

The G protein (Genebank: ADJ29911.1, replacing 
residues – 19–0 with MGWSCIILFLVATATGVHS 
and residues 439–524 with HHHHHH, respectively) 
was synthesized by GenScript Biotech Corp. (Nanjing, 
China).

The RABV strain CVS-11 (challenge virus stan
dard-11) was provided by Changchun BCHT Biotech
nology Co. The CVS-11 strain was used in serum 
neutralization and viral challenge experiments.

SPF female BALB/c mice (6–8 weeks old) were pur
chased from Liaoning Changsheng Biotechnology Co., 
Ltd. (Liaoning, China).

mRNA production

RABV mRNA vaccines were designed based on rabies 
sequences of the Pasteur vaccine (PV) strain 
(GenBank: AAA47218.1) [32]. The rabies G gene 
encoded the whole length of the glycoprotein G, 
and the tG-MTQ gene encoded a soluble trimeric 
G protein with a MTQ motif (aa: 
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GGSGGIKEEIAKIKEEQAKIKEKIAEIEKRIAEIEK
RIAGGCC) added to the C-terminus of the ectodo
main (amino acid – 19–435) of the G protein. And 
we mutated glycoprotein G sequence with H261L 
and H270P to generate the preG gene [14]. Matrix 
and nucleoprotein genes were designed based on the 
rabies sequences (GenBank: AAA47217.1 and 
BAA07689.1). The sequences were codon-optimized, 
synthesized by GenScript. Briefly, the linearized 
DNA templates of RABV mRNAs consisted of a 5’ 
untranslated sequences (UTR), 3’ UTR and polyA 
tail based on Moderna [33]. The mRNAs were pro
duced using T7 RNA polymerase (E131; Novoprotein, 
China) with N1-methyl-pseudouridine triphosphate 
(DD4503; Vazyme, China). After transcription, cap1 
structure was added via Cap1 capping system 
(M082; Novoprotein, China). The mRNAs were pur
ified and stored at −80°C before use.

In vitro transfection and protein expression (IF, 
WB, and enzyme-linked immunosorbent assay 
(ELISA))

Immunofluorescence
293 T cells were transfected with RABV G, preG, or N 
mRNAs (1 µg), respectively, by Lipofectamine 2000 
(2 µL). Then, 48 h after transfection, cells were fixed 
in 4% paraformaldehyde, incubated with anti-rabies 
virus glycoprotein antibody (ab82460; Abcam, UK), 
followed by FITC-conjugated goat anti-mouse IgG 
(H + L) (bs-0296G-FITC; Bioss, China) for 45 min. 
For the nucleoprotein expression assay, cells were per
meabilized with 0.5% Triton X-100 after fixation and 
then incubated with FITC-conjugated anti-rabies 
Virus nucleoprotein antibody (12-0020; AbMax, 
China). Nuclei were stained with DAPI and images 
were obtained using the confocal microscope (Zeiss 
LSM 710, Jena, Germany).

Western blot
293 T cells were transfected with the RABV M mRNA 
(1 µg) by Lipofectamine 2000 (2 µL). Then, 48 h after 
transfection, the cells were harvested and analyzed 
using western blotting. The membranes were incu
bated with a mouse-specific antibody against RABV 
M (a gift from Dr. He, Academy of Military Medical 
Sciences) and then with a secondary antibody goat 
anti-mouse IgG-horseradish peroxidase (HRP) (115- 
035-003; Jackson ImmunoResearch Inc., West 
Grove, PA, USA).

293 6E cells were diluted to 1 × 106 cells/mL before 
transfection and 12.5 µg tG-MTQ mRNA was trans
fected into 10 mL 293 6E cells by Lipofectamine 
2000 (25 µL). Then, 72 h post transfection, the con
centrated cell supernatant was separated by 6% 
Native-PAGE or SDS-PAGE, and transferred onto 
nitrocellulose membranes. Membranes were 

incubated with equine-derived rabies antiserum, and 
followed with rabbit anti-horse IgG-HRP as a second
ary antibody (bs-0308R-HRP; Bioss, China).

Sandwish enzyme-linked immunosorbent assay 
(ELISA)
The monoclonal antibody (mAb) 1112 recognizes the 
discontinuous epitopes on site II (aa: 34–42 and 198– 
200), and these two epitopes are linked by an S-S 
bridge when G protein poses trimeric form [34]. The 
mAb D1-25 recognizes the site III (aa: 330–338) of tri
meric G protein [34]. Thus, these two commercially 
available mAbs are widely used in the characterization 
of trimeric form of G protein [14]. The sandwich 
ELISA was used to measure the trimeric G protein 
expressed in the supernatant of 293 6E cells which 
were transfected with tG-MTQ mRNA. Briefly, 
96-well plates were coated with mAb 1112 (RDB 
1112-1p500; RD Biotech, France). Then, the plates 
were blocked with 3% BSA at 37°C for 1 h. Next, the 
concentrated cell culture supernatant was added to 
plates at 37°C for 1 h, followed by incubation with bio
tin-conjugated mAb D1-25 (MABF1967B-100UG; 
Merck, Germany) at 37°C for 1 h. And then, plates 
were incubated with HRP-conjugated streptavidin at 
37°C for 1 h. Finally, plates were incubated with the 
TMB substrate and followed by H2SO4 to stop the 
reaction. The rabies virus was used as the positive con
trol and the 293 6E cell culture supernatant was used 
as negative control.

VLP quantification

A structure-based prefusion conformation design is 
necessary for Nab production [15,20,21]. To increase 
prefusion conformational stability, we mutated H261 
and H270P referred to previous study [14]. We co- 
expressed preG and matrix proteins to form VLP. 
The mRNAs encoding preG (12 µg) and matrix 
(6 µg) were co-transfected into 293 T cells with 
36 µL Lipofectamine 2000 in T75 culture flask. Like
wise, preG (12 µg), M (6 µg) and N (12 µg) mRNAs 
were co-transfected into 293 T cells with 60 µL Lipo
fectamine 2000 in T75 culture flask. Supernatants 
were collected 48 h after transfection, centrifuged at 
3000 rpm for 30 min at 4°C, followed with 27,000  
rpm (Beckman SW28 rotor, ∼130,000 ×g) for 4 h at 
4°C. After centrifugation, the VLP pellets were resus
pended in PBS and stored at 4°C.

Electron and immunoelectron microscopy
The VLP pellets were stained with 2% sodium phos
photungstate and then observed under transmission 
electron microscopy (TEM) (HT7800, Tokyo, Japan). 
The VLPs were bound to grids, incubated with 
mouse anti-RABV G mAb (ab1002, Abcam, UK). 
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After incubation with gold-labeled goat anti-mouse 
IgG antibody, the grids were observed under TEM.

Western blotting
The VLPs collected in the supernatants of 293 T cells 
that co-transfected with preG, M mRNAs (RABV 
VLP), or co-transfected with preG, M, N mRNAs 
(RABV VLP/N) were analyzed by Western blotting 
with mouse anti-RABV G mAb (3R7-4F1, HyTest, 
Finland) and mouse anti-RABV M polyclonal anti
bodies. And 293 T cells in RABV VLP/N group 
were harvested, incubated with mouse anti-RABV 
N mAb (a gift from Changchun BCHT Biotechnol
ogy Co.) and then with a secondary antibody goat 
anti-mouse IgG-horseradish peroxidase (HRP) (115- 
035-003; Jackson ImmunoResearch Inc., West 
Grove, PA, USA).

LNP formulation

LNP formulations were prepared as described pre
viously [35]. Briefly, lithium chloride-purified 
mRNA (0.17 mg/mL) was diluted into sodium citrate 
buffer (pH 4.0). The mRNA was encapsulated using a 
microfluidics mixer (NanoAssemblr, Canada) wherein 
an ethanolic lipid mixture of SM102, 1, 2-distearoyl- 
sn-glycero-3-phosphocholine (DSPC), cholesterol, 
and PEG2000 (50:10:38.5:1.5 mol/mol). The encapsu
lated RNA-to-total lipid ratio was 3:1 (v/v) and the 
total lipid concentration was 12.5 mM. To ensure 
co-expression of preG and M in the same cell, 
RABV preG and M mRNAs were co-formulated in 
same LNP at the ratio of 2:1 to generate RABV VLP 
mRNA vaccine. Similarly, RABV preG, M and N 
mRNAs were co-formulated in one LNP at the ratio 
of 2:1:2 to generate RABV VLP/N mRNA vaccine 
[36,37]. After diafiltration with 50 × volume PBS 
buffer (pH 7.4) and sterile filtration with a 0.22 μm 
filter, mRNA-LNPs were stored at 4°C until use.

The mRNA-LNP formulation was characterized for 
particle diameter, polydispersity index (PDI), zeta 
potentials using NanoZS (Malvern, UK). The mean 
hydrodynamic diameter was ∼120 nm, with a PDI of 
0.1–0.2.

The encapsulation efficiency was tested with Ribo
Green RNA assay (R11490; Thermo Fisher Scientific, 
USA). Briefly, samples were incubated with Ribo
Green reagent in 1 × TE buffer with or without 0.5% 
Triton X-100 to measure the total and the unencapsu
lated mRNA, respectively. Fluorescence intensities 
were measured at an excitation of 485 nm and emis
sion at 528 nm. Based on the RNA standard curves 
with and without triton, the encapsulation efficiency 
was calculated by the following formula: EE% =  
((total mRNA − unencapsulated mRNA)/total 
mRNA) x 100%. For all groups, the mRNA encapsula
tion efficiencies are above 85%.

Immunization procedure

BALB/c mice were immunized with mRNA formu
lations in a volume of 0.1 mL via intramuscular injec
tion into the hind legs. Seven groups of mice (n = 18) 
were immunized twice at 14 d intervals. For rabies G, 
tG-MTQ, and preG groups, mice were immunized 
with 5 µg mRNA. For rabies preG VLP, mice were 
immunized with 5 µg preG and 2.5 µg matrix 
mRNAs. For nucleoprotein/preG VLP, mice were 
immunized with 5 µg preG, 2.5 µg matrix, and 5 µg 
nucleoprotein mRNAs. Negative control mice 
received the same dose of empty LNP, and a one- 
tenth dose of commercial inactivated rabies vaccine 
was used as the positive control. The commercial inac
tivated rabies vaccine was provided by Changchun 
BCHT Biotechnology Co., Ltd. (Changchun, China). 
The potency of the vaccine was above 2.5 IU/mL.

RABV-specific immunoglobulin titre

RABV-specific IgG in mouse serum was detected by 
ELISA. The immunized mouse serum was serially 
diluted and added to inactivated rabies vaccine-coated 
plates, followed by the addition of HRP-conjugated 
goat anti-mouse IgG, IgG2a, IgG2b, or IgG1 
(ab97240-1 mg, ab97245-1 mg, ab97250-1 mg, 
Abcam, UK). The optical density was measured at 
450 nm using an iMarkTM Microplate Reader (Bio- 
Rad, Hercules, CA, USA).

Serum neutralization assay

Virus-neutralizing antibody titres were determined 
using the rapid fluorescent focus inhibition test 
(RFFIT) assay, as previously described [38]. In this 
study, the national standard of human immunoglobu
lin prepared by NIFDC was used as the reference stan
dard (37 IU/mL). Firstly, the reference standard was 
diluted into 1 IU/mL. Briefly, mice serum and refer
ence standard were serially 3-fold diluted in DMEM 
and added 100 μL to 96-well plates. The diluted 
CVS-11 strain which could infect more than 80% 
BSR cells was added to the plates at 50 μL/well. 
Then, the plates were incubated at 37°C for 1 h. 
Next, 50 μL of 5 × 104 BSR cells were added to the 
plates and cultured at 37°C with 5% CO2 for 24 h. Sub
sequently, the cell layer was washed with PBS and 
fixed with 80% cold acetone for 1 h. After fixing, 
1:400 FITC-conjugated Rabies virus nucleoprotein 
antibody (5500; Merck, Germany) was added and 
incubated at 37°C for 1 h. Finally, the fluorescence 
area was observed under a fluorescence microscope 
(Olympus IX70, Tokyo, Japan) and the results of neu
tralizing titre were calculated by the Reed and Muench 
formula.
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Enzyme-linked immunospot (ELISpot) assay

The assay was performed using a mouse IFN-γ or IL-4 
ELISpotPLUS kit (Cat. no. 3321-4HPW-10, 3311- 
4HPW-10; MabTech, Sweden). Briefly, the spleens 
were collected on day 24 and 126, respectively, and 
1 × 106 splenocytes were incubated with inactivated 
rabies vaccine (1:100 dilution) at 37°C for 24 h. 
Then, the plates were incubated with detection anti
body (R4-6A2-biotin; BVD6-24G2-biotin) at room 
temperature for 2 h. Next, 1:1000 HRP-conjugated 
streptavidin was added and incubated at room temp
erature for 1 h. After washing with PBS, plates were 
added with TMB substrates and developed until dis
tinct spots emerge. Finally, reaction was stopped by 
washing extensively in deionized water. The number 
of spots were read and analyzed with an ImmunoSpot 
S6 analyzer (Cellular Technology Limited, USA).

Sample processing and flow cytometry

The mice were euthanized by CO2 inhalation, and 
both inguinal lymph nodes were harvested on day 
24. The procedure details are provided in the sup
plementary materials.

Challenge infection

Mice were immunized twice at 14 d intervals, and six 
mice of each group were challenged intracerebrally 
(i.c.) with 50-fold LD50 CVS-11 in a volume of 30 μL 
at day 28 which referred to NIH test for potency test
ing [11,39]. All challenged mice were observed for 
death during 14 d post-challenge, and animal survival 
was calculated.

Ab-secreting cells (ASC) ELISpot

ELISpot plates (CT790-PR5, U-CyTech) were coated 
with rabies glycoprotein at 10 μg/mL overnight at 4° 
C. Bone marrow was harvested from the femur and 
tibia, and preincubated with IL-2 and R848 for 3 
d. A biotinylated detection antibody was added, fol
lowed by streptavidin-horseradish peroxidase conju
gation. The freshly prepared AEC solution was 
added until spots were visible, which were then emp
tied and both sides of the PVDF membrane were 
rinsed thoroughly with demineralized water. The 
results were analyzed using an ImmunoSpot S6 analy
zer (Cellular Technology Limited, USA).

Statistical analysis

Statistical analyses were performed using one-way 
analysis of variance with GraphPad Prism version 
9.0.0. Values are expressed as the mean ± standard 

error of the mean (SEM). Differences were considered 
statistically significant at P < 0.05.

Results

Construction and generation of nucleoside- 
modified RABV mRNA vaccines

The RABV surface homotrimeric glycoprotein elicits 
major neutralizing antibodies; thus, it is the first 
choice of antigen for RABV vaccine candidates. 
Thus, we designed a panel of mRNA antigens to com
pare the immunogenicity of different forms of the 
RABV G protein: full-length wild-type RABV G (G), 
a soluble trimeric form of RABV G (tG-MTQ), a full 
length prefusion stabilized construct of RABV G 
(preG), and an RABV VLP self-assembled by co- 
expressing RABV preG and M protein. Additionally, 
we sought to enhance the design of an RABV VLP/ 
N mRNA vaccine by adding a transcript encoding 
the RABV N protein (Figure 1(A)). Subsequently, we 
confirmed the expression of G, tG-MTQ, preG, M, 
and N antigen proteins by transfecting 293 T cells or 
293 6E cells. Western blotting demonstrated that 
RABV M protein expressed effectively with right size 
(23 kDa) (Figure 1(B)).

RABV G and preG protein are membrane- 
anchored proteins, and the N protein is intracellular 
protein. Immunofluorescence results showed that G, 
preG proteins were expressed on the cellular mem
brane and N protein was expressed intracellularly 
(Figure 1(C)).

Due to the non-specific binding between equine- 
derived rabies antiserum and complete DMEM, the 
tG-MTQ expression was examined in 293 6E cells 
which were cultured in serum-free medium. The tri
meric form of tG-MTQ protein was confirmed by wes
tern blotting analysis (Figure 1(D,E)). Furthermore, 
the mAb 1112 recognizes the discontinuous epitopes 
on site II (aa: 34–42 and 198–200), and these two epi
topes are linked by an S-S bridge when G protein poses 
trimeric form. The mAb D1-25 recognizes the site III 
(aa: 330–338) of trimeric G protein. Thus, these two 
commercially available mAbs were used to measure 
the trimeric G protein expressed in the supernatant 
of 293 6E cells which were transfected with tG-MTQ 
mRNA. The result of sandwich ELISA demonstrated 
that tG-MTQ protein expressed in trimeric form 
(Figure 1(F)).

To confirm the assembly of RABV VLPs, we co- 
transfected with preG and M mRNAs at a molar 
ratio of 2:1 into 293 T cells. Likewise, preG, M and 
N mRNAs co-transfected 293 T cells at a molar ratio 
of 2:1:2. We concentrated the VLPs in the supernatant 
by ultracentrifugation, tested them using western blot
ting and examined them using an electron micro
scope. Western blotting results demonstrated that 
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Figure 1. Design and Characterization of RABV mRNA vaccines. (A) Schematic of five mRNA candidates for rabies. RABV G contains 
a mRNA encoding the full length of wild type RABV G. RABV tG-MTQ contains a mRNA encoding soluble truncated trimeric form of 
RABV G. RABV preG contains a mRNA encoding stabilized prefusion form of RABV G. RABV VLP contains two mRNAs encoding preG 
and M proteins that can self-assemble into VLPs. RABV VLP/N contains three mRNAs encoding preG, M, and N proteins. (B) Western 
blotting of RABV M protein. Expression of RABV M proteins were probed using mouse anti-RABV M polyclonal antibodies. (C) 
Immunofluorescence assays of the expression of RABV G, preG, and N proteins. 293 T cells were transfected with RABV G, 
preG, and N mRNA for 48 h, respectively, and detected by anti-rabies virus glycoprotein antibody and FITC-rabies virus nucleo
protein antibody. Scar bar: 50 μm. (D and E) Expression of the trimeric form of RABV G protein (tG-MTQ) was analyzed by 
SDS-PAGE, Native-PAGE, and western blottings, which showed that the monomeric and trimeric forms of tG-MTQ were approxi
mately 57 and 150 kD, respectively. (F) Expression of the trimeric form of RABV G protein (tG-MTQ) was analyzed using a sandwich 
ELISA which were probed with mAbs 1112 and D1-25. (G) Western blotting assays of RABV VLPs. Expression of RABV preG, M or N 
proteins was probed using mouse anti-RABV G mAb, mouse anti-RABV M polyclonal antibodies and mouse anti-RABV N mAb. (H) 
Electron microscopy of VLPs. RABV VLP and VLP/N were concentrated by ultracentrifugation and prepared to negative staining for 
electron microscopy. Scar bar: 200 nm. (I) Immunoelectron microscopy of VLPs. RABV VLP and VLP/N were stained with mouse 
anti-RABV G mAb and then incubated with gold-labeled goat anti-mouse IgG antibody. Scar bar: 200 nm. (J) Stability of 
mRNA-LNPs stored at 4°C. Particle size and Zeta potential of six mRNA-LNPs detected in 28 d.
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RABV VLP and VLP/N contained preG and M com
ponents, and N protein was mainly detected in 
293 T cell lysate (Figure 1(G)). As shown in Figure 1
(H), the enveloped RABV VLP and VLP/N particles 
were approximately 80–200 nm with densely arrayed 
surface spikes. To further verify the formation of 
VLPs, we performed immunoelectron microscopy 
(Figure 1(I)). These results demonstrated that RABV 
VLPs were formed and co-expression of N protein 
didn’t influence the assembly and budding of RABV 
VLPs.

We encapsulated RABV mRNAs in  LNP to 
improve in vivo expression. To increase the efficiency 
of the VLP assembly, we co-packaged preG and M at a 
ratio of 2:1 (RABV VLP) and preG, M, and N at a ratio 
of 2:1:2 (RABV VLP/N) (Figure 1(A)) [36,37]. Next, 
the average particle size and zeta potential of 
mRNA-LNPs stored in PBS at 4°C were stabilized 
for 28 d (Figure 1(J)). Furthermore, to examine the 
integrity of mRNA after storing at 4°C for 28 d, we 
took preG mRNA-LNP as an example and found 
that mRNA-LNP could still express RABV preG 
protein in 293 T cells (Figure S1).

Based on prefusion stabilized RABV mRNA 
vaccines elicited robust humoral immune 
responses

In this study, we utilized a prime-boost strategy to 
immunize BALB/c mice at two-week intervals to 
assess the humoral immune responses elicited by 
different RABV mRNA vaccines (n = 6) (Figure 2
(A)). After booster vaccination, all RABV mRNA vac
cines induced RABV-specific IgG titres; G, preG, VLP, 
and VLP/N induced significantly higher IgG titres 
than the inactivated vaccine. Furthermore, the IgG 
titres induced by RABV in the preG, VLP, and VLP/ 
N groups were 2.4-, 3.5-, and 2.1-fold higher, respect
ively, than those in the G group (Figure 2(B)). RABV- 
specific IgG1 was predominant in rabies-specific IgG 
responses in mice immunized with the inactivated 
vaccine (Figure 2(C–E)). In contrast, RABV vaccines 
induced high levels of RABV-specific IgG2a, IgG2b 
and IgG1 titres (Figure 2(C–E)). As shown in Figure 
2(F), the ratios of IgG2a/IgG1 and IgG2b/IgG1 
suggested that the RABV mRNA vaccines elicited a 
Th1-biased immune response.

Nab is crucial for preventing rabies infection, and a  
> 0.5 IU/mL Nab titre, is considered protective. Two 
weeks after the first vaccination, all RABV mRNA vac
cines induced higher Nab titres (> 0.5 IU/mL) in 
immunized mice than the inactivated vaccine (Figure 
2(G)). The Nab titres of RABV mRNA vaccines 
increased rapidly after the second vaccination, G 
(range: 39–133 IU/mL), tG-MTQ (range: 29–57 IU/ 
mL), preG (range: 91–158 IU/mL), VLP (range: 93– 
147 IU/mL), and VLP/N (range: 87–147 IU/mL) 

elicited significant higher level than that of the inacti
vated vaccine (range: 14–15 IU/mL) (Figure 2(H)). 
Interestingly, the Nab titres of G were 1.5-fold higher 
than those of the tG-MTQ group. In addition, preG, 
VLP, and VLP/N induced 1.9-, 1.7-, and 1.7-fold 
higher Nab titres than the G group, respectively, indi
cating the advantage of antigen design based on prefu
sion stabilized conformation in improving immune 
responses. Nab titres were associated with RABV- 
specific IgG responses (Figure 2(I)).

Moreover, the kinetics of the Nab titre response in 
the early period after vaccination is important for 
clearing rabies and preventing infection. We have 
evaluated the Nab titre at days 1, 3, 5 and 7 of mice 
after a single immunization (n = 3). As shown in 
Figure 2(J), VLP and VLP/N mRNA induced signifi
cantly higher Nab titres than that in inactivated rabies 
vaccine group. Moreover, the Nab titres of RABV 
mRNA groups increased at day 7 (G: 1.1–1.8 IU/mL; 
tG-MTQ: 0.3–0.7 IU/mL; preG: 1.3–2.9 IU/mL; VLP: 
2.2–4.8 IU/mL and VLP/N: 4.0–6.3 IU/mL). In con
trast, the Nab titre of mice immunized with inacti
vated rabies vaccine only reached 0.39–0.46 IU/mL 
at day 7, which was lower than protective Nab titre 
level (0.5 IU/mL). Taken together, RABV mRNA vac
cines induced higher Nab titre and reached the level of 
protective Nab titre more rapidly than inactivated vac
cine after a single vaccination.

RABV mRNA vaccines induced robust cellular 
immune responses

T cell responses play a key role in rabies virus clear
ance in the central nervous system, especially the 
Th1-biased immune response. Thus, we measured 
the RABV-specific IFN-γ and IL-4 secretion in spleno
cytes by ELISpot assays to evaluate T cell activation (n  
= 6). Our findings indicated that RABV mRNA vac
cines elicit high IFN-γ secretion. VLP/N mRNA 
induced IFN-γ secretion at a significantly higher 
level than the inactivated vaccine, and higher than 
that of G, preG, and VLP groups but not statistically 
significant overall (Figure 3(A)). As shown in Figure 
3(B), the VLP and VLP/N mRNA vaccines induced 
significantly stronger IL-4 responses than the LNP 
group and slightly higher levels than G, tG-MTQ, 
and preG. Thus, VLP and VLP/N showed relatively 
balanced Th1/Th2 responses compared to RABV 
mRNA vaccines encoding soluble and membrane- 
anchored immunogens.

Moreover, we utilized an ICS assay to measure the 
RABV-specific polyfunctional CD4+ and CD8+ T cells 
secreting IFN-γ and IL-2 (Figure S2). RABV mRNA 
vaccines elicited stronger IFN-γ+IL-2+, and IFN- 
γ+IL-2− CD4+ T responses than that of inactivated 
rabies vaccine (Figure 3(C)). In contrast, frequencies 
of RABV-specific CD8+ T cell responses were lower 
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Figure 2. Humoral immune responses after RABV mRNA vaccination. (A) Schematic of the immunization, rabies virus challenge, 
and sampling strategy. Six- to eight-week-old female BALB/c mice were immunized intramuscularly twice at day 0 and 14 with 
RABV G, tG-MTQ, preG, VLP, and VLP/N mRNA vaccine, respectively, followed by virus challenge and tissue sample collection. (B to 
E) RABV-specific IgG and IgG antibody isotype (IgG1, IgG2a, and IgG2b) titres were quantified by ELISA, respectively, from serum 
samples collected on day 28 (n = 6). (F) The ratio of IgG2a/IgG1 and IgG2b/IgG1 were determined from the absorbance values of 
100-fold diluted serum at day 28 measured at 450 nm. (G and H) Neutralizing antibody (Nab) titres of serum collected at day 14 
and 28 were analyzed by Rapid Fluorescent Focus Inhibition Test (RFFIT) assay (n = 6). The dashed line at 0.5 IU/mL represents a 
protective titre for RABV Nab titre. (I) Spearman correlation of (B) RABV-specific IgG titres and (H) Nab titres. (J) Kinetic of Nab in 
mice immunized with RABV mRNA vaccines or inactivated vaccines after a single vaccination (n = 3). * P < 0.05; ** P < 0.01; *** P <  
0.001; **** P < 0.0001; ns, no significant difference. Data represent mean ± SEM.
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Figure 3. RABV mRNA vaccines induced robust cellular immune responses. (A and B) Spleen were harvested and stimulated with 
inactivated rabies vaccine 10 days after second immunization (n = 6). An ELISpot experiment was used to determine the ability of 
splenocytes to release IFN-γ (A) and IL-4 (B) after stimulation. (C and D) RABV-specific CD4+ and CD8+ T cells producing IFN-γ, IL-2 
were measured by flow cytometry 10 days after second immunization. CD4+ (C) and CD8+ (D) T cells were stained for type 1 intra
cellular cytokine expression. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns, no significant difference. Data represent 
mean ± SEM.
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than those of CD4+ T cell responses as a whole. How
ever, RABV mRNA vaccines still elicited stronger 
IFN-γ+IL-2+, IFN-γ+IL-2−, and IFN-γ−IL-2+ CD8+ T 
responses than the inactivated rabies vaccine (Figure 
3(D)). These results indicated efficient RABV-specific 
T cell responses to RABV mRNA vaccines and better 
induction of CD4+ T cells compared to inactivated 
vaccines.

RABV mRNA vaccines protected mice against 
lethal rabies virus challenge

To explore the in vivo protective efficacy of the RABV 
mRNA vaccines, immunized BALB/c mice (n = 6) were 
challenged i.c. with 50-fold LD50 of the rabies virus 
CVS-11 strain two weeks after the second vaccination. 
We monitored the survival of each mouse daily for 14 d 
post-infection and found that all RABV mRNA vac
cines provided complete protection (Figure 4).

RABV VLP mRNA vaccines were superior in 
promoting potent GC responses by inducing tfh 
and GC B cells

In the GC, B cells which mature with proliferation, 
somatic hypermutation, and affinity-selection, will 
produce high-affinity Nab [40–42]. To confirm the 
ability of RABV mRNA vaccines fostering the for
mation of GCs after immunization, LNs from mice 
immunized 10 days were directly evaluated by immu
nofluorescence. The formation of GCs is confirmed, 
which are characterized as GL-7+ cells surrounded 
by a network of FDC and a mantle of B220 naïve B 
cells. In contrast, inactivated rabies vaccine group 
only showed poorly formed GCs in LN from, with dis
rupted CD21+ FDC networks. In addition, histological 
analysis also showed a larger number of GCs and aver
age colocalized area in RABV mRNA vaccine groups 
than those in inactivated rabies vaccine group, 
although no statistically significant difference was 
observed (Figure S3). Next, we evaluated the GC 
responses in lymph nodes 10 d after the second 

vaccination using flow cytometry (n = 6) (Figure S4). 
The RABV mRNA vaccines enhanced the number of 
GC B (CD3−B220 + IgD−GL7+) and RABV-specific 
GC B cells. Notably, VLP/N mRNA demonstrated a 
significantly higher percentage of RABV-specific GC 
B cells than the inactivated rabies vaccine (Figure 5
(A–B) and Figure S5(A)). Correlation analysis 
revealed that lymph node GC B cells were significantly 
and positively correlated with Nab titres (Figure 5(C)). 
Next, we evaluated plasma cells (PC) (CD3−B220 +  

CD138+), which secrete large quantities of antibodies 
against antigens. As shown in Figure 5(D,E) and 
Figure S5(B), the RABV mRNA vaccines enhanced 
the number of plasma and RABV-specific plasma 
cells. RABV G, tG-MTQ, preG, VLP, and VLP/N 
mRNA induced 2.2-, 2.5-, 2.9-, 2.6-, and 3.1-fold 
higher percentage of RABV-specific plasma cells, 
respectively, than the inactivated rabies vaccine 
(Figure 5(E)). Correlation analysis also revealed that 
lymph node plasma cells were significantly and posi
tively correlated with Nab titres (Figure 5(F)).

Tfh, a specialized subset of CD4+ T cells, tightly 
regulate GC reaction by enabling GC B cells prolifer
ation, survival, and differentiation through co-stimu
latory molecules and cytokines [42]. To examine the 
effects of the RABV mRNA vaccines on Tfh (CD3 +  

CD4 + CXCR5 + PD-1 + Foxp3−) induction, inguinal 
lymph nodes were analyzed by flow cytometry on 
day 10 after the second immunization (Figure S6). 
We observed that VLP and VLP/N mRNA elicited 
higher levels of Tfh cell induction after boost vacci
nation, whereas the percentage of Tfh was positively 
correlated with GC B cells, RABV-specific GC B cell 
percentage, and Nab titres (Figure 5(H,I)). Therefore, 
lymph node Tfh cells partially explain the potent and 
durable humoral immune responses induced by the 
RABV VLP and VLP/N mRNA vaccines. Additionally, 
compared with RABV mRNA vaccines, the inactivated 
rabies vaccine elicited remarkably higher levels of the 
suppressor Treg (CD3 + CD4+ Foxp3+) and Tfr (CD3 +  

CD4 + CXCR5 + PD-1 + Foxp3+) cells in the lymph 
nodes, which may restrict immune responses (Figure 
5(J,K)). Taken together, these results suggest that 
RABV mRNA vaccines forming virus-like particle 
promote the generation of Tfh, GC B cells, and PCs, 
which would elicit a more robust and sustained 
humoral immune response.

RABV VLP mRNA vaccines elicited potent and 
sustained humoral immune responses with 
strong long-lived plasma cell and memory B cell 
responses

A long-lasting Nab titre is required for prophylactic 
rabies immunization. Thus, we assessed the durability 
of the Nab response after prime-boost vaccination. 
The mice in each group were bled for 126 d (n = 6), 

Figure 4. RABV mRNA vaccines protected mice from the lethal 
intracerebral rabies virus challenge. Immunized mice were 
challenged after two weeks post boost injection with 50-fold 
LD50 rabies virus (CVS-11 strain), and the survival curves during 
a 14-d observation period were illustrated by Kaplan–Meyer 
analysis (n = 6).
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and all RABV mRNA vaccines remained stable during 
an 18-week period (Figure 6(A)). Notably, the Nab 
titre of the VLP/N mRNA group peaked four weeks 

after booster vaccination and ranged from 92 to 203 
IU/mL, which was significantly higher than that in 
the G, tG-MTQ, and inactivated rabies vaccine groups 

Figure 5. RABV mRNA vaccines resulted in potent GC responses. Mice immunized i.m. with G, tG-MTQ, preG, VLP, or VLP mRNA, or 
inactivated rabies vaccine. Inguinal lymph nodes were collected 10 d after the second immunization (n = 6). (A) The proportion of 
total GC B cells (CD3−B220 + IgD−GL7+) in B cells. (B) The proportion of total RABV-specific GC B cells in B cells and total GC B cells. 
(C) Spearman correlation of day 24 Nab titre and lymphatic total GC B cells and RABV-specific GC B cells frequency. (D) The pro
portion of total plasma cells (CD3−B220 + CD138+) in B cells. (E) The proportion of total RABV-specific plasma cells in B cells and 
total plasma cells. (F) Spearman correlation of day 24 Nab titre and lymphatic total plasma cells and RABV-specific plasma cells 
frequency. (G) The proportion of total Tfh cells (CD3 + CD4 + CXCR5 + PD-1 + Foxp3−) in CD4+ T cells. (H) Correlation between lymph 
node Tfh cell frequency and total GC B cells or RABV-specific GC B cells frequency. (I) Correlation between day 24 Nab titre and 
lymph node Tfh cell frequency. (J and K) Lymph node Treg (CD3 + CD4 + Foxp3+), and Tfr (CD3 + CD4 + CXCR5 + PD-1 + Foxp3+) cell 
frequencies after the second immunization (n = 6). * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns, no significant differ
ence. Data represent mean ± SEM.
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during weeks 6–18 (Figure 6(B–E)). Mice immunized 
with the inactivated vaccine generated a lower Nab 
titre than those in the RABV mRNA groups, which 
decreased to 3.7 IU/mL at week 10. In contrast, the 
median Nab titres of G, tG-MTQ, preG, VLP, and 
VLP/N groups remained 33.8, 28.7, 36.3, 42.6, and 
49.2 IU/mL, respectively, at week 18 (Figure 6(C,E)).

Some B cells are converted into LLPCs and MBCs 
in the lymph nodes or lymphatic parts [43,44]. 

LLPCs move to the bone marrow and persistently pro
duce RABV-specific antibodies to protect the body 
from infection, whereas MBCs initiate rapid recall 
responses upon secondary exposure. To examine the 
LLPC and MBC responses, we compared bone mar
row RABV-specific ASC elicited by RABV mRNA vac
cines and inactivated rabies vaccine at four months 
post-immunization (n = 3). Consistent with the Nab 
titre data above, mice immunized with RABV 

Figure 6. RABV mRNA vaccination elicited sustained humoral immune responses and antigen-specific LLPC and MBC responses. 
(A) Kinetic of Nab titre induced by RABV mRNA vaccines in BALB/c mice. Immunization points are indicated by arrows (n = 6). (B to 
E) Nab titres at day 42, 70, 98, and 126 (n = 6). (F) Quantification of bone marrow (BM) RABV-specific IgG ASCs (n = 3). (G) Spear
man correlation of (E) day 126 Nab titre and BM RABV-specific IgG+ ASC. (H) Flow cytometry staining of total splenic memory B 
cells (MBC) (n = 3). (I) Spearman correlation of (E) day 126 Nab titre and splenic MBC. (J) ELISpot assay of IFN-γ secretion in sple
nocytes on day 126 (n = 3). * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns, no significant difference. Data represent mean  
± SEM.
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mRNA vaccines had substantially higher RABV- 
specific IgG+ LLPC numbers than those immunized 
with the inactivated vaccine, and the magnitude of 
LLPC elicited by VLP/N was significantly higher 
than G and tG-MTQ groups (Figure 6(F,G)). Further
more, MBCs were identified by flow cytometry four 
months post-immunization (n = 3). Notably, the mag
nitude of MBCs induced by VLP and VLP/N was 2.3- 
and 2.4-fold higher than that in the inactivated vac
cine-immunized mice, which was strongly correlated 
with the Nab titre on day 126 (Figure 6(H–I) and 
Figure S7). In addition, we evaluated the antigen- 
specific IFN-γ and IL-4 (data not shown) activities 
in splenocytes by ELISpot assays at day 126 (n = 3). 
As shown in Figure 6(J), preG, VLP, and VLP/N 
mRNA induced significantly stronger IFN-γ 
secretions compared with the inactivated vaccine, con
sistent with potent Th1-biased immune responses. 
Taken together, these results indicate more efficient 
generation of long-lasting humoral and cellular 
immunity by the mRNA vaccine platform and the for
mation of virus-like particles.

Discussion

The successful of mRNA vaccines for COVID-19 pan
demic has shown their benefits. First, mRNA vaccines 
are noninfectious and cannot be integrated into the 
genome. Second, the antigens can be designed rapidly 
and flexibly. Third, mRNA vaccine platforms can 
induce robust humoral and cellular immune 
responses. Moreover, nucleoside-modified mRNA- 
LNP vaccines promote GC responses and elicit potent 
LLPC and MBC responses, which are important for 
achieving durable protective humoral immune 
responses [29]. In addition, Mulroney et al. recently 
found that specific slippery sequences within 
mRNAs containing N1-methyl-pseudouridine can 
result in +1 ribosomal frameshifting and induce aber
rant T-cell responses to some non-target proteins, but 
the potential off-target effects could be minimized or 
eliminated through sequence optimization [45]. We 
have searched the potential ribosome slippery 
sequences mentioned in the study by Mulroney et al. 
and have not found the slippery sequences in RABV 
G, tG-MTQ, preG and N mRNA [45]. There was a 
U*U*U*U* slippery site in RABV M mRNA sequence 
but a + 1 frame stop codon was closely present down
stream of the slippery site. Thus, we think that run-off 
transcripts would not be produced during IVT with 
N1-methyl-pseudouridine.

RABV G is the only surface-exposed glycoprotein 
and the main target for eliciting Nab. Therefore, 
RABV G is widely used as an antigen in vaccines. 
RABV G protein assembles as a homotrimer that med
iates receptor binding and membrane fusion. Several 
studies have demonstrated that the trimeric form of 

RABV G is more immunogenic than the monomeric 
form [11,46,47]. Moreover, RABV G is a class III 
viral fusion protein that can reversibly transition 
between a prefusion form (at neutral pH) and a post
fusion form (at acidic pH), which causes structural 
heterogeneity and low immunogenicity. In addition, 
RABV N could represent a vaccine candidate because 
it can elicit T- and B-cell responses to produce Nab 
and protect against the lethal RABV challenge.

VLP-based vaccines have the advantages of a simi
lar native viral structure, lack of a viral genome, and 
highly repetitive antigenic epitopes that are effective 
in cross-linking the B cell receptor to activate B cells. 
VLP vaccines are efficiently taken up by DCs, which 
process and present antigen fragments on MHC I 
and MHC II molecules to lymphocytes. Furthermore, 
VLP can be retained at lymph node FDC to improve 
GC reactions.

In this study, we first designed the RABV G protein 
as a vaccine antigen (G), previously tested in preclini
cal trials and phase I and II clinical trials [7,32,48]. 
Aiming to enhance both potency and durability of 
Nab response, we employed different designs to elicit 
immune responses, including tG-MTQ, preG, VLP 
and VLP/N. Our results showed that the G, preG, 
VLP, and VLP/N groups induced significantly higher 
RABV-specific IgG and Nab titres than the tG-MTQ 
and inactivated rabies vaccine. Unfortunately, the 
immunogenicity of RABV mRNA encoding trimeric 
form of G is lower than that of the wild type G, similar 
results have been reported [38]. This is probably 
because soluble antigens are more difficult to process 
and present by APCs than membrane-anchored anti
gens, or because the trimeric structure of tG-MTQ is 
unstable, or because the trimeric structure of tG- 
MTQ is different from that of native-like RABV G tri
mers. Interactions between transmembrane domain 
and W121 likely stabilize RABV G trimers and prevent 
G from shifting into alternate conformations, thus we 
will utilize different lengths of truncated G protein to 
form trimer in future study [49]. In addition, trimeric 
RABV G, which is preceded by an N-terminal CD5 
signal peptide, followed by a 7 aa long linker 
(LIGGGGI) and an artificial GCN4-based trimeriza
tion domain, showed higher immunogenicity and pro
tective efficacy than monomeric RABV G [11]. This 
flexible linker might play an important role in adjust
ing the angle of the RABV G monomer to form a 
native-like RABV G trimer. Further tests using other 
trimeric motifs, such as Trimer-tag, are needed to 
form soluble RABV G proteins as immunogens 
[50,51]. Next, RABV G mRNA vaccine elicited Nab 
titres of 69.85 IU/mL with two-dose immunizations. 
In comparison, preG, VLP, and VLP/N induced 
median Nab titres of 130.4, 121, and 116.5 IU/mL, 
respectively, after two injections. This result shows 
that antigen design based on prefusion stabilized 
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form of RABV G (preG) is superior to the wild type 
(G) in displaying antigen epitopes and eliciting Nab, 
which is in accordance with results obtained from 
SARS-CoV-2 S-2P and RSV pre-F, which are based 
on the prefusion conformation [15,17,18]. Currently 
approved SARS-CoV-2 mRNA vaccines encoding a 
prefusion stabilized form of spike protein are highly 
effective in preventing more than 90% of symptomatic 
and severe SARS-CoV-2 infections [19]. Two RSV 
vaccines named Arexvy and Abrysvo, encoding RSV 
will be approved in 2023 [20,21]. Our study also 
demonstrated the importance of the prefusion confor
mation as a vaccine immunogen.

One of the key factors preventing rabies infection is 
the kinetics of Nab production during the early phase. 
As shown in Figure 2(J), VLP and VLP/N mRNA 
induced significantly higher Nab titres than that in 
inactivated rabies vaccine group at day 7 after a single 
immunization (VLP: 2.2–4.8 IU/mL; VLP/N: 4.0–6.3 
IU/mL). In contrast, the Nab titre of mice immunized 
with inactivated rabies vaccine only reached 0.39–0.46 
IU/mL at day 7, which was lower than protective Nab 
titre level (0.5 IU/mL). Thus, RABV mRNA vaccines 
can induce more rapid humoral responses than inacti
vated rabies vaccine to prevent infection. However, 
mRNA vaccines require time to express antigens in 
the cytoplasm, indicating that the vaccine alone is 
not sufficient, as in some cases, the disease develops 
before the vaccine takes effect [2,52]. Hence, in future 
studies, we will consider utilizing immunoglobulins or 
RABV-specific mAbs in conjunction with mRNA vac
cines for post-exposure prophylaxis.

T-cell immunity responses are essential for elimi
nating RABV viruses. IgG subclasses assay and IFN-γ 
ELISpot results showed that RABV mRNA vaccines eli
cited stronger Th1-biased responses than inactivated 
rabies vaccine in BALB/c mice. All RABV mRNA vac
cines activated potent RABV-specific CD4+ and CD8+ 

T cell responses and particularly elevated production of 
Th1 cytokines, in line with results from previous 
mRNA vaccines [8,9,32,48]. Moreover, RABV VLP 
and VLP/N induced higher levels of IL-4 secretion 
than G, tG-MTQ, and preG, displaying a slight Th2- 
biased response. Four months after the second immu
nization, mice immunized with RABV mRNA vaccines 
could still stimulate IFN-γ secretion. Therefore, RABV 
mRNA vaccines elicit sustained cellular immune 
responses. Furthermore, the significantly enhanced 
Nab titre and T-cell immune responses induced by 
RABV mRNA vaccines in mice provided complete pro
tection against lethal challenge from the 50 LD50 dose 
of the RABV CVS-11 strain.

RABV M protein is a structural protein which plays 
a crucial role in virus assembly, morphogenesis and 
budding during RABV replication. Although M 
protein is less likely to induce neutralizing antibodies 
or specific cellular immune responses, whether single 

mRNA vaccine of M protein could act as adjuvant to 
improve the immune response (e.g. G protein-specific 
Nabs) of mRNA vaccine expressing G protein is worth 
further investigation. In addition, illustrating the poss
ible contribution of single mRNA vaccine of N protein 
to G protein-specific immune response elicited by G 
protein-expressing mRNA vaccine would also be 
interesting. Several studies have demonstrated that 
the N protein has various B-cell and T-cell epitopes 
and could induce protective immunity against periph
eral challenge with rabies virus [27,28]. Also, N 
protein is a major target for Tfh cells [28]. Yin et al. 
found N protein expressed in silkworm pupae induced 
N protein-specific IgG antibodies and protective 
immunity against rabies virus [53]. In brief, it would 
be interesting to illustrate the possible contribution 
of single mRNA vaccine expressing N or M protein 
to G-specific immune response (e.g. G protein-specific 
Nabs) of mRNA vaccine expressing G protein.

Prolonged and effective Nab titres require GC reac
tions that are tightly regulated by Tfh cells, enabling 
the proliferation, survival, and differentiation of GC 
B cells through the delivery of co-stimulatory mol
ecules and cytokines. We quantitatively and qualitat
ively evaluated the GC responses to RABV mRNA 
vaccines and inactivated rabies vaccine. First, we 
found that RABV mRNA vaccines had a superior 
capacity to elicit potent total and RABV-specific GC 
B and plasma B cell responses compared with inacti
vated rabies vaccine. The VLP/N mRNA vaccine 
induced significantly higher RABV-specific GC B 
and plasma B cell responses than the inactivated vac
cine. Next, we observed that G, preG, VLP, and VLP/ 
N elicited significantly more Tfh cells than LNP. The 
levels of Tfh cells in VLP and VLP/N were remarkably 
higher than those in the inactivated vaccine, approxi
mately 1.9- and 2.1-fold, respectively. We also 
observed that RABV mRNA vaccines induced lower 
levels of Tregs and Tfr cells in LNs than the inactivated 
vaccine, which may prolong immune responses. Our 
results are consistent with those of multiple studies 
demonstrating that mRNA vaccines trigger a GC 
response [54–56]. Notably, VLP and VLP/N elicited 
more robust Tfh and GC B cell responses due to the 
expansion of surface antigens to engage B cells in 
LNs more effectively.

Additionally, durable and high-level humoral 
immune responses are the key to preventing rabies 
reinfection. In our study, the Nab titres were moni
tored for 18 weeks post vaccination, and RABV 
mRNA vaccines peaked from week 4–6 and remained 
at high levels during the ensuing period. The Nab 
titre-decreasing kinetics of the VLP and VLP/N 
groups were slower than those of the G, tG-MTQ, 
and pre-G groups. In contrast, the inactivated rabies 
vaccine group peaked 4 weeks after the second immu
nization and dropped to 3.7 IU/mL at week 10, lasting 
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until week 18. Bai et al. found that a dose of a nucleo
side-modified rabies vaccine induced a more potent 
and long-term Nab than the inactivated vaccine [8]. 
LLPCs and MBCs maintain long-lasting immunity 
and are important components of the humoral 
response to rabies. Our B-cell ELISpot and flow cyto
metry analyses confirmed that RBAV mRNA vaccines 
elicited strong LLPC and MBC responses; VLP and 
VLP/N were significantly higher than those of the 
inactivated rabies vaccine. It is worth noting that, 
the immune protective efficacy in this study were 
not further evaluated at a time that was longer than 
2 weeks after boost injection due to high Nab titre 
and cellular responses in mice.

In summary, we evaluated the mRNA vaccines 
expressing multiple forms of RABV G in BALB/c 
mice. The mRNA vaccines encoding prefusion stabil
ized forms of the RABV G protein elicited robust IgG 
and Nab titres compared to G, tG-MTQ, and inacti
vated rabies vaccines. VLP and VLP/N had a superior 
capacity to activate Tfh and GC B cells in LNs and 
generate LLPCs and MBCs, contributing to the pro
duction of higher and more sustained Nab than the 
G tG-MTQ and preG groups. The median Nab titre 
of VLP and VLP/N were 42.6 and 49.2 IU/mL at 
week 18, respectively, which was significantly higher 
than the protective Nab titre and that induced by the 
inactivated vaccine (3.7 IU/mL). However, our study 
has several limitations, future studies will need to 
increase the efficiency of VLP assembly and budding, 
and will utilize LN targeted-delivery LNP. First, we 
will attempt to insert ESCRT- and ALIX-binding 
regions into the RABV G cytoplasmic tail to improve 
the efficiency of VLP assembly and budding from cells 
[57]. Second, we will utilize comb-structured RABV 
mRNA vaccines to elevate immunogenicity [58]. 
Third, we will utilize modified LNP for targeted-deliv
ery of mRNAs to LNs, thus reducing side effects and 
increasing the immune response [59,60]. In summary, 
our results provide a proof-of-concept of developing 
novel RABV mRNA vaccines encoding RABV VLP 
or VLP/N that can provide a safe, rapid, effective, 
and long-term protection against RABV infection.
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