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Introduction

Rabies is a serious public health problem worldwide for which an effective treatment method is lacking but can be prevented by vaccines. Current vaccines are produced in cell or egg cultures, which are both costly and time consuming.





Methods

Here, a non-replicating mRNA vaccine (RV021) encoding the rabies virus glycoprotein was developed in vitro, and its immunogenicity and protective efficacy against live virus was evaluated in mice.





Results

A two-dose vaccination with 1 μg of RV021 at 7-day intervals induced a protective level of neutralizing antibody that was maintained for at least 260 days. RV021 induced a robust cellular immune response that was significantly superior to that of an inactivated vaccine. Two doses of 1 μg RV021 provided full protection against challenge with CVS of 30~60-fold lethal dose, 50%. Vaccine potency testing (according to the National Institutes of Health) in vivo revealed that the potency of RV021 at 15 μg/dose was 7.5 IU/dose, which is substantially higher than the standard for lot release of rabies vaccines for current human use.





Conclusion

The mRNA vaccine RV021 induces a strong protective immune response in mice, providing a new and promising strategy for human rabies prevention and control.
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1 Introduction

Rabies is a highly pathogenic zoonotic disease caused by the rabies virus (RABV), a single-stranded RNA virus belonging to the genus Lyssavirus, family Rhabdoviridae. The disease causes approximately 59,000 deaths worldwide each year (1). Rabies is mainly transmitted by bites or scratches from an infected animal, allowing RABV entry from the wound into the host’s body. As a neurotrophic virus, RABV replicates at the wound site and enters the neuromuscular junction to finally arrive at the central nervous system. When the virus spreads to the brain and undergoes proliferation, it can finally kill the host (2, 3). Rabies is nearly 100% fatal upon onset but can be effectively prevented by rabies vaccination (4).

The RABV genome encodes five proteins: glycoprotein (G), nucleoprotein (N), matrix protein (M), phosphoprotein (P), and RNA-dependent RNA polymerase (RdRp) (5). RABV-G mediates the viral attachment to various receptors, such as the neural cell adhesion molecule (6), nicotinic acetylcholine receptor (7), metabotropic glutamate receptor subtype 2 (8), and heparan sulphate (9). This determines the neurotropism of RABV and stimulates the body to produce cellular and humoral immune responses, which makes RABV-G an important antigen in the development of rabies vaccines (10, 11).

In the 1980s, an inactivated rabies vaccine was developed from the Flury Low Egg Passage (LEP) strain of RABV cultured in chicken embryos. The vaccine showed acceptable immunogenicity and tolerability and has been widely used ever since (12, 13). However, the production of chicken embryo cell rabies vaccines is limited by the supply of specific-pathogen-free chicken eggs and the relatively long production cycle. Other types of rabies vaccines used in large-scale vaccination programs include vaccines prepared in cell cultures of primary hamster kidney cells (14), human diploid cells (15, 16), and Vero cells (17, 18). High RABV yields can be achieved in Vero cell cultures, and high rabies vaccine yields can be obtained through inactivation and purification processes (19). However, the vaccine products contain not only viral antigens but also residual proteins and DNA of the Vero host cells. The residual proteins may trigger allergic reactions in the human body, while the residual host cell DNA may retain transforming activity (20, 21). The rabies vaccine produced using human diploid cells has shown good tolerability and immunogenicity in both humans and animals, but its large-scale production is complex and associated with lower virus yields and higher production costs than when other cell systems are used (13). Currently marketed RABV vaccines are mostly inactivated rabies vaccines, which carry a risk of incomplete virus inactivation either due to errors in the production process or a lack of stringency in quality control. Therefore, novel rabies vaccines that provide key assurances for the prevention of rabies must be developed. Previous studies have constructed RABV-G-expressing recombinant viruses (e.g., poxviruses and baculoviruses) that can protect mice against live-virus challenge and have verified the protective effect of RABV-G (22–24). However, viral vector vaccines for rabies prevention have not yet been marketed.

Unlike coronavirus disease 2019 (COVID-19) vaccines, such inactivated vaccines, mRNA vaccines, and recombinant subunit vaccines, which are produced by multiple technological approaches, there are currently no marketed recombinant subunit vaccines for rabies prevention. Researchers have attempted to produce RABV-G using prokaryotic or eukaryotic expression systems. Although the produced RABV-G exhibited reactogenicity by binding to specific antibodies, it failed to elicit high-level immune responses due to poor immunogenicity (25, 26). This may be related to the difficulty of performing correct post-translational modifications (e.g., protein glycosylation and folding) of RABV-G expressed in vitro (26, 27). mRNA vaccines are a new type of vaccines composed of mRNA that encodes the target antigen and a delivery system with an encapsulation-release function. They have shown outstanding protective effects against COVID-19 and have been widely used for protection against this disease (28). Preventive mRNA vaccines targeting respiratory syncytial virus (29, 30) and influenza virus (31) and mRNA vaccines for the treatment of cancers, such as melanoma and non-small cell lung cancer (32), are currently in clinical trials and have demonstrated the broad application prospects of mRNA vaccines. Unlike the production method for recombinant subunit vaccines, which involves the expression of recombinant proteins in either cells or bacteria cultured in bioreactors, mRNA vaccines enter somatic cells through endocytosis and release mRNA, which subsequently expresses the target antigen in the cells (33). Importantly, somatic cells provide a natural environment for post-translational modifications of proteins and the target antigen expressed in vivo may have stronger immunogenicity. This is crucial for glycosylation-dependent RABV-G-induced production of protective neutralizing antibodies. The traditional inactivated vaccine production process requires large-scale culture of live viruses and virus inactivation, which poses risks to workers and the production environment. In contrast, the mRNA vaccine production process does not involve cell or virus culture. Therefore, the production cycle is shorter and more suitable for large-scale vaccine production. Furthermore, mRNA vaccines also possess inherent adjuvant effects, eliminating the need for additional adjuvants to be included in the vaccine (33, 34). Non-replicating mRNA vaccines expressing RABV-G have been developed in recent years and have demonstrated good protective effects and tolerability in animal and clinical studies, confirming the feasibility of using mRNA vaccines for rabies prevention (35–37).

The CTN-1 strain of RABV was isolated in Shandong Province, China, in 1956. Its complete genome sequence shares 81.5%~93.4% sequence identity with vaccine and street strains worldwide. Specifically, the sequence similarity of the G protein of CTN-1 with that of other strains in China can be as high as 87.6%~97.7% (38). In the present study, we developed a non-replicating mRNA vaccine expressing the G protein of the CTN-1 strain of RABV. We monitored the levels of neutralizing antibodies induced and evaluated the protective effects of the vaccine against the live virus in mice, to provide a theoretical basis and supporting data for the development of mRNA-based rabies vaccines.




2 Materials and methods



2.1 Cells and viruses

BSR cells were purchased from the ATCC and stored at the National Institute for Food and Drug Control (NIFDC) in China. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 10% fetal bovine serum at 37°C in a 5% CO2 atmosphere. The standard RABV challenge strain CVS used for the lot release testing of rabies vaccines and the standard virus strain CVS-11 used for neutralizing antibody detection were both provided by the NIFDC.




2.2 Vaccines

mRNA sequences were optimized such that RV021 encoded the G protein (GenBank: JN234418.1) of the CTN-1 strain, and a trimerization motif was linked using a linker to the 3′ end of the G protein sequence of the RV022 coding region to express a G protein (GenBank: JN234418.1) with a trimeric conformation, and the trimerization sequence GYIPEAPRDGQAYVRKDGEWVLLSTFL was added to the C-terminus of the G protein. Both ends of the coding regions of the mRNA sequences contained untranslated regions (UTRs) and a poly(A) tail to enhance the mRNA translation efficiency (Figures 1A, B) (39). The sequences of RV021 and RV022, including the UTR and poly A tail, were synthesized by Genscript (Nanjing, China) and cloned into the pUC57 vector, resulting in the formation of two plasmids, pRV021 and pRV022, respectively. pRV021 and pRV022 were used as the transcription templates for mRNA after being digested with the restriction endonuclease Sap I. mRNA was synthesized using an in vitro transcription kit containing N1-Me-Pseudo-UTP (Cat# ON-040; Hongene Biotech, Shanghai, China) and a linear DNA plasmid as a template. A cap analog was added to the reaction system to add a cap-1 structure to the mRNA, and DNase I was added to remove the DNA template and terminate the reaction. The mRNA used in the in vitro transcription reaction system was purified using magnetic beads (Cat# N412-02, Vazyme, Nanjing, China), eluted in nuclease-free water, and then stored frozen. After purification, the mRNA was encapsulated with lipid nanoparticles (LNPs) to form an mRNA-LNP complex. The LNP mix was prepared by mixing the cationic lipids, 1,2-distearoyl-sn-glycero-3-phosphocholine (Sinopeg, Xiamen, China), cholesterol (AVT, Shanghai, China), and polyethylene glycol 2000 (Sinopeg, Xiamen, China) at a molar ratio of 50:10:38.5:1.5 and dissolving the mixture in anhydrous ethanol. The mRNA-LNP complex was prepared by rapidly mixing the purified mRNA with the LNP mix at a volume ratio of 3:1.




Figure 1 | Antigen design, particle size, and in vitro expression of mRNA vaccines. (A) RV021 encodes the G protein of the CTN-1 strain, a monomeric glycoprotein containing non-coding sequences at both ends and a discontinuous poly (A) tail; (B) RV022 encodes the trimeric conformation of RABV-G with a different non-coding UTR design and a continuous 110A poly (A) tail. (C-E) Particle size distributions of RV021 (C), RV022 (D), and a 60-nm (E) standard measured by dynamic light scattering. (F-H) RABV-G expression in HEK293 cells transfected with RV021 (F), RV022 (G), or untransfected cells (H) as the negative control. T7: T7 promoter; UTR: untranslated region; and TM: trimerization motif.



The inactivated rabies vaccine (IRV) used in this study was a freeze-dried Vero cell culture-derived IRV for human use with a potency of ≥2.5 IU/dose produced by Chengda Biotechnology Company (Liaoning, China). The 9th Chinese National Standard for Human Rabies Vaccine Potency (batch number: 250009-201909, potency: 11.4 IU/mL, 50% effective dose (ED50) range: 2.10–2.75), containing inactivated rabies virus and stabilizers, was used as the reference standard used for potency testing. LVRNA001 is an mRNA vaccine encoding the rabies virus G protein produced by Liverna Therapeutics Inc.(Zhuhai, China) (35).




2.3 Animal experiments

All animal experiments were approved by the Laboratory Animal Welfare and Ethics Committee of the NIFDC and performed in accordance with the guidelines provided by the committee. Specific-pathogen-free BALB/c mice aged 6~8 weeks and 20-day-old Kunming mice weighing 12~14 g were provided and reared by the NIFDC. RV021 and RV022 were administered to mice via intramuscular injections, with the injection volume fixed at 50 μL/mice and the dose adjusted by changing the vaccine concentration. Mice were vaccinated by intramuscular injection of the IRV at one-tenth of the human dose to measure humoral and cellular immune responses.

Vaccine potency was measured using the NIH test method. The IRV and potency reference standards were serially 5-fold diluted (e.g., 25-fold, 125-fold, and 625-fold) as according to the requirements of the Chinese Pharmacopoeia (40). Kunming mice were vaccinated via two intraperitoneal injections administered 7 days apart. The mRNA vaccines were also serially 5-fold diluted and subsequently used for the vaccination of Kunming mice via two intramuscular injections administered 7 days apart. On the 14th day after the booster vaccination, the mice were administered with 0.03 mL of live CVS virus via intracranial injection at a viral dose of 30~60-fold 50% lethal dose (LD50). The relative potency of the vaccines was determined by calculating the ED50 values of the test samples and reference standard.




2.4 Measurement of RABV-G expression by flow cytometry

Each LNP-encapsulated mRNA was transfected into 2 × 105 HEK293T cells in a 24-well plate at 1 μg/well, and the cells were incubated at 37°C in a 5% CO2 atmosphere for 24 h. Following this, the cells were collected, fixed, and permeated using a fixation and permeabilization solution (Cat# 51-2090KZ; BD Biosciences, San Jose, USA), incubated with anti-RABV G antibody (1:500 dilution; Cat# PA5-117507; Invitrogen, Carlsbad, USA) at 4°C for 1 h to allow binding of the anti-RABV G antibody to the G protein expressed by the mRNA vaccine in the cells, and finally incubated with rabbit anti-mice immunoglobulin (Ig)G phycoerythrin (PE)-conjugated secondary antibody (1:500 dilution; Cat# P-2771MP; Invitrogen) at 4°C for 1 h. RABV-G expression was determined by flow-cytometric analysis of PE-positive cells.




2.5 Particle size measurement

LNP-encapsulated mRNA vaccines were diluted with phosphate-buffered saline (PBS, pH7.4; Cat#: P1020; Solarbio, Beijing, China), and placed in a cuvette for measurement of the particle size and particle dispersion coefficient by dynamic light scattering using a Malvern Zetasizer Nano-ZS. Scattered light was detected at a backscattering angle of 173°. Data were analyzed with the Zetasizer software.




2.6 Rapid fluorescent focus inhibition Test for serum neutralizing antibody titer detection against rabies virus

Rapid fluorescent focus inhibition test (RFFIT) and fluorescent antibody virus neutralization test (FAVNT) are recommended by the World Health Organization (WHO) for detecting neutralizing antibodies against RABV (41). In this study, RFFIT was used to determine the neutralizing antibody titer against rabies virus in mice serum according to Chinese Pharmacopoeia, as previously described (42). We use the sixth national standard of human immunoglobulin, prepared by NIFDC, as the biological reference standard, with the titer of 37 IU/mL. Mice serum and national standard were serially three-fold diluted in DMEM and added to a 96-well plate at 100 μL/well. The CVS-11 strain was diluted to a titer at which the fluorescence area reached 80–95% and was added to the diluted serum at 50 μL/well. The plate was incubated at 37°C for 1 h. BSR cells were added to the 96-well plate at a density of 5 × 105 cells/well and cultured at 37°C in the presence of 5% CO2 for 24 h. After the supernatant was discarded, the cells were washed once with PBS and permeabilized using 80% cold acetone. The acetone was then discarded and a FITC-conjugated anti-RABV antibody (1:150 dilution; Cat# 5500; Millipore, Darmstadt, Germany) was added to the 96-well plate, which was then incubated at 37°C for 30 min. After washing with PBS, the fluorescence area was observed using a S6 Universal Fluorospot Analyzer (CTL, Cleveland, USA). The percentage of virus infection foci before and after 50% of cells infected was measured, and these were used to calculate the titer of the serum samples.




2.7 Specific IgG antibody titer measurement

The indirect enzyme-linked immunosorbent assay (ELISA) was used to measure the specific IgG antibody titer against rabies virus in the serum. The IRV was diluted 20-fold, coated onto a 96-well plate at 100 μL/well, and then incubated overnight. After the plate was washed with PBST (PBS + 0.05% Tween-20), the wells were blocked with PBST containing 1% bovine serum albumin at 37°C for 1 h. The plate was washed with PBST thrice, and three-fold diluted serum was added to the wells. After the plate was washed thrice with PBST, horseradish peroxidase-conjugated goat anti-mice IgG antibody (diluted 1:10,000) was added, and the plate was incubated at 37°C for 1 h. Finally, the plate was washed with PBST thrice, and 100 μL 3,3′,5,5′-tetramethylbenzidine (Cat# T5525; Sigma, Darmstadt, Germany) was added. 10 min later, 50 μL 2M H2SO4 was added to stop the reaction. The absorbance at 450 nm and 630 nm was measured using microplate reader (M200, TECAN, Männedorf, Switzerland). The serum IgG antibody titer was determined as the highest dilution at which the absorbance value was 2.1 times than that of the negative control and was calculated using GraphPad Prism v9.




2.8 Measurement of the cellular immune response by the enzyme-linked immunospot assay

Mice were dissected and their spleens were removed. Their spleens were then ground, treated with a lymphocyte separation solution (Cat# 7211011; DAKEWE, Shenzhen, China), and filtered through a 40-μm filter mesh. After the addition of RPMI-1640 culture medium (Cat# SH30096.01; Hyclone, Logan, USA), the mixture was centrifuged at 800× g for 30 min. Lymphocytes suspended in the middle layer were collected and stored in serum-free medium (Cat# 6015012; DAKEWE). The lymphocytes were counted using a Nexcelom Cellaca cell counter. The lymphocytes were added to a pre-coated ELISpot 96-well plate (Cat# 3321-4HPT-2; Mabtech, Nacka, Sweden) at a density of 2.5 × 105 cells/well and were stimulated with a synthesized overlapped RABV-G peptide library (Genscript, Nanjing, China) for 24 h at 37°C. The results were analyzed using an ELISpot analyzer (S6 Universal, CTL, Cleveland, USA).




2.9 Statistical analysis

Graph plotting and statistical analysis were performed using GraphPad Prism v9. Data are expressed as geometric mean ± geometric standard deviation. Statistical differences among groups were determined by the one-way analysis of variance. Differences with p < 0.05 were considered statistically significant.





3 Results



3.1 mRNA vaccine design and construction

RABV-G is a key antigen that induces the production of neutralizing antibodies in the body. The G protein of the CTN-1 strain was used as the antigen and cloned into plasmids containing different UTRs and poly(A) tails after human codon optimization. Two plasmid templates for producing the candidate mRNA vaccines, pRV021 and pRV022, were prepared. Plasmid pRV021 has a poly A tail that was consistent with the expected length, while plasmid pRV022 has a poly A tail of 103 adenosines, which was slightly shorter than designed (Supplementary Figure S1). RV021 and RV022 were obtained through in vitro transcription. The stability and strong expression of the mRNA depended on the delivery system. Encapsulation of the mRNA stock with LNPs assists mRNA entry into the host cells and expression of the target antigen. The mean particle diameters of RV021 and RV022 were 89.0 nm and 86.8 nm, respectively, and their particle dispersion index values were 0.159 and 0.143, respectively. Micron-sized particles were not detected (Figures 1C, D). The mean particle diameters of the 60nm size standard samples meet the quality control requirements (Figure 1E), confirming the validity of the measurement results. RV021 and RV022 were directly transfected into HEK293T cells in 24-well plates at 1 μg/well. Untransfected cells were set as a negative control. Flow cytometry results showed that both mRNA vaccines were highly expressed in vitro, with positive cell rates of 97.3% and 97.5%, respectively (Figures 1F, G). In contrast, non-transfected cells exhibited only a 0.28% positivity rate (Figure 1H).




3.2 Candidate mRNA vaccines elicit humoral immune responses in mice

Six-to-eight-week-old female BALB/c mice were randomly divided into seven groups and vaccinated on days 0 and 28 with the candidate mRNA vaccines RV021 and RV022 via intramuscular injection at doses of 1 μg, 10 μg, and 20 μg, respectively. On day 14 after the booster vaccination, blood samples were collected and sera were then separated for the evaluation of humoral immune responses. In the 20 μg group, additional blood samples were collected once on day 21 after the first vaccination. The neutralizing antibody titers in the sera were evaluated by RFFIT, and serum IgG antibody titers were evaluated by indirect ELISA. The results showed that both candidate mRNA vaccines elicited strong humoral immune responses and exhibited clear dose-dependent effects. The geometric mean titers (GMTs) of the serum neutralizing antibodies in the 20 μg one-dose, 1 μg two-dose, 10 μg two-dose, and 20 μg two-dose groups that received the RV021 vaccine were 143.3 IU/mL, 1,044 IU/mL, 2,666 IU/mL, and 4,968 IU/mL, respectively (Figure 2). The GMTSs of serum neutralizing antibodies in the 20 μg one-dose, 1 μg two-dose, 10 μg two-dose, and 20 μg two-dose groups that received the RV022 vaccine were 79.83 IU/mL, 991.7 IU/mL, 1,905 IU/mL, and 2,713 IU/mL, respectively. The highest GMTS of serum neutralizing antibodies in the 20 μg RV021 two-dose group was 4,968 IU/mL, which was found to be significantly higher than the titer of 2,713 IU/mL in the 20 μg RV022 two-dose group (p < 0.0001). Therefore, RV021 was utilized in subsequent experiments.




Figure 2 | Measurement of neutralizing antibody titer against RABV by RFFIT. (A) Vaccination and blood sampling protocol. Mice were administered with two doses of mRNA vaccine at different dose levels 28 days apart, and blood samples were collected on days 21 and 42, respectively. (B) One-dose or two-dose (28 days apart) RV021 and RV022 induced neutralizing antibody titer in 6-week-old BALB/c mice (n = 5). **** p < 0.0001, ns: no significant difference.



We designed another vaccination protocol involving the administration of two doses of RV021 with a 7-day or 21-day interval, and two doses of IRV with a 7-day interval. Mice serum was collected at 14 days after the booster vaccination to evaluate the humoral immune responses. The GMTs of serum neutralizing antibodies induced by two doses of 2.5 μg RV021 administered with a 7-day or 21-day interval, were 55.26 IU/mL and 245.6 IU/mL, respectively, and the serum IgG binding antibody titers were 74,634 and 395,797, respectively (Figure 3). In mice that received two doses of IRV with a 7-day interval, the GMTS and IgG antibody titers were 10.13 IU/mL and 21,798, respectively (Figure 3), both of which were lower than those in the mRNA vaccine group. This suggests that the mRNA vaccine had better immunogenicity than the IRV. The levels of IgG and neutralizing antibodies induced by two doses of 2.5 μg RV021 administered with a 21-day interval were found to be significantly higher than those induced with a 7-day interval.




Figure 3 | Humoral immune responses elicited by rabies mRNA vaccine and IRV. (A) Vaccination and blood sampling protocol. Six-week-old BALB/c mice were vaccinated with two doses of a rabies vaccine 21 days apart, and blood samples were collected on day 35 after the first vaccination (n = 5). (B) Vaccination and blood sampling protocol. Six-week-old BALB/c mice were vaccinated with two doses of a rabies vaccine 7 days apart, and blood samples were collected on day 21 after the first vaccination (n = 5). (C) IgG levels in mice as measured by ELISA. (D) Serum neutralizing antibody levels in mice as measured by RFFIT. * p < 0.05, *** p < 0.001, ns: no significant difference.



We next investigated the persistence of neutralizing antibodies induced by the mRNA vaccine. Both 1 μg and 2 μg of RV021 induced high levels of neutralizing antibodies in mice on day 7 after the booster vaccination, with GMTSs of 71 IU/mL and 61 IU/mL, respectively (Figure 4). Antibody levels were monitored until day 260 after the booster vaccination, when the neutralizing antibody titers for the 1 μg and 2 μg groups were 46.7 IU/mL and 72.8 IU/mL, respectively. These levels were found to be substantially higher than the WHO-accepted threshold titer of 0.5 IU/mL, indicating that the protective effect of RV021 at doses of 1 μg or 2 μg can be maintained for at least 260 days, with no observed trend of decrease in the antibody titer.




Figure 4 | Persistence of neutralizing antibodies against RABV induced in mice by RV021. (A) Vaccination and blood sampling protocol. Six-week-old BALB/c mice were vaccinated with two doses of RV021 seven days apart, and blood samples were collected on days 14, 21, 28, 90, 180, and 260 after the first vaccination, respectively (n = 3 or 4). (B) Neutralizing antibody titers against RABV as measured by RFFIT.






3.3 RV021 Elicits a strong cellular immune response in mice

Six-week-old female BALB/c mice were vaccinated with either two doses of RV021 or IRV at a 7-day interval, or only one dose of RV021 or IRV. On day 14 after the completion of the vaccination protocol, the spleens of the mice were removed to isolate the lymphocytes, and IFN-γ secretion was measured using the ELISpot assay (Figures 5A, B). Vaccination with 5 μg of RV021 seven days apart induced the highest level of cellular immunity, with a geometric mean of 368 spot-forming units (SFUs) per 2.5 × 105 lymphocytes (Figure 5C). This was significantly higher than that of two-dose IRV (SFUs = 29, p = 0.0007). The cellular immunity level in the one-dose 5 μg RV021 group was 128 SFUs, which was higher than that of the one-dose IRV group (31 SFUs), albeit not significantly (p > 0.05). Cellular immunity in the 1 μg RV021 (0/7 d) group was 186 SFUs, which was higher than that in the one-dose 5 μg RV021 (0 d) group. These results indicated that the rabies mRNA vaccine RV021 at 5 μg has the potential to elicit stronger cellular immune responses than IRVs. A change from a single dose to two doses of RV021 caused a more significant improvement in the cellular immune response than an increase in single dose from 1 μg to 5 μg.




Figure 5 | Cellular immune response elicited by RV021 and IRV in mice. (A, B) Vaccination and experimental protocol. Mice received either two doses 7 days apart (A) or only one dose (B) of the rabies vaccine. On day 14 after the completion of vaccination, the mice were sacrificed, and their spleens were removed (n = 5). (C) Levels of secreted IFN-γ in mice lymphocytes as measured by the ELISpot assay. * p < 0.05, *** p < 0.001, ns: no significant difference. SFU, spot-forming unit.






3.4 Low-Dose RV021 protects mice against live-virus challenge

In a preliminary investigation of the effects of mRNA vaccines on live-virus challenge, 6-week-old BALB/c mice were randomly divided into seven groups. On days 0 and 28, the mice were administered intramuscular injections of 1 μg, 10 μg, or 20 μg of the mRNA vaccines RV021 and RV022, respectively. Twenty-eight days after the booster vaccination, the mice were challenged with live RABV via intracranial injection of CVS at 30~60-fold LD50 and were observed for 14 days. All five mice in the control group (Empty-LNP) died within 14 days after the virus challenge. In contrast, all mice in the remaining six groups, including the two groups vaccinated with only 1 μg of vaccine, survived without showing any signs of disease onset (Table 1).


Table 1 | Protective effects of RV021 and RV022 against live-virus challenge.



The vaccination strategy of two doses of mRNA vaccine on days 0 and 28 elicited a strong humoral immune response and protected against virus challenge. However, pre-exposure prophylaxis against human RABV infection often involves booster vaccination on day 7. Two doses of the vaccine were administered to 20-day-old Kunming mice weighing 12–14 g via intramuscular injection 7 days apart. Seven days after the boost vaccination, the mice received an intracranial injection of the standard challenge virus CVS at 30~60-fold LD50. Another mRNA vaccine presently under development (LVRNA001) (35) and the national standard (as a control) were used to investigate the protective effect of the mRNA vaccines against virus challenge. All mice in the PBS control group died within 14 days after the virus challenge, whereas all mice vaccinated with the mRNA vaccines RV021 and LVRNA001 survived, regardless of the dose (1 μg or 2 μg) (Table 2). The log ED50 of the protective effect produced by the national standard was 2.63, which is within the calibration range. This demonstrates the validity of the experimental results, i.e., intramuscular injection of two doses of 1 μg RV021 seven days apart provided 100% protection.


Table 2 | Protective effects of the mRNA vaccines RV021 and LVRNA001 against live-virus challenge.



The candidate mRNA vaccine series was further diluted to explore the protective effects of lower doses of the vaccine against virus challenge. Kunming mice aged 20 days and weighing 12–14 g were randomly divided into groups of 16 mice each. Vaccination was performed on days 0 and 7 with different doses of RV021. Seven days after the booster vaccination, the mice received intracranial injections of the standard challenge virus CVS at 30~60-fold LD50 and were observed for another 14 days. At extremely low vaccine doses of 0.008–0.8 μg, the survival rate ranged from 12.5%–100% (Table 3). Four-parameter fitting of the survival results after the virus challenge revealed a significant correlation between the survival rate and vaccination dose, with R2 = 0.93273. The ED50 of RV021 was 0.031 μg (Supplementary Figure S2), indicating that RV021 provides a good protective effect even at extremely low doses.


Table 3 | Protective effects of the low-dose series of RV021 against live-virus challenge.






3.5 RV021 at relatively low human doses has a potency that meets the standards for human vaccine release

The potency of RV021 at different human doses (5, 10, 15, and 50 μg/dose, respectively) was measured using the potency determination method for human rabies vaccines (NIH method), as specified in the 2020 edition of the Chinese Pharmacopoeia. Our previous study showed that the potency of RV021 at a human dose of 50 μg determined using the NIH method was >16.1 IU/dose, whereas that of the IRV was >13.6 IU/dose (Supplementary Table S1). In the present study, we further determined the potency of RV021 at low doses. The potency of RV021 in human doses of 5 μg/dose and 10 μg/dose was 2.1 IU/dose and 3.9 IU/dose, respectively (Table 4). According to the Chinese Pharmacopoeia, the required potency for human rabies vaccines during shelf-life and at release is ≥2.5 IU/dose and ≥4.0 IU/dose, respectively. The potency of RV021 at 15 μg/dose was 7.5 IU/dose, which meets the standard for lot release.


Table 4 | Potency of RV021 as measured using the NIH method.







4 Discussion

In recent years, immense progress has been achieved in the improvement of the production capacity and quality control of human rabies vaccines. However, research efforts have mainly been focused on inactivated vaccines. mRNA vaccine production differs from traditional vaccines as it does not involve the cultivation of cells or viruses. Consequently, it boasts a shorter production cycle, robust process scalability, and is well-suited for industrialization (28, 33). In the present study, we formulated two RABV-G-expressing rabies mRNA vaccines, RV021 and RV022. The results of in vivo mice experiments revealed that both mRNA vaccines have a good immunogenicity and induce strong humoral and cellular immune responses in mice.

We first compared the immunogenicity induced by the candidate vaccines RV021 and RV022 and found that RV021 induced higher neutralizing antibody levels than RV022 in mice. RABV-G forms approximately 400 trimeric spikes tightly arranged on the virus surface that play a role in the virus binding to host cell receptors (43). To mimic the natural trimeric conformation of RABV-G, we introduced a trimerization motif at the 3′ end of the coding region of RV022. This trimerization approach has previously been successfully applied in research on mRNA vaccines for COVID-19 (44). The reduced immunogenicity of the trimeric G protein compared to that of the monomeric form may have caused the neutralizing antibody level induced by RV022 to be significantly lower than that induced by RV021. Several studies have reported good immunogenicity with the use of the monomeric G protein in rabies mRNA vaccines (35, 37, 45). However, the antigen-coding and non-coding regions of RV021 and RV022 were designed differently, making it difficult to accurately pinpoint the cause of their difference in immunogenicity. RV022 possesses a poly(A) tail containing 110 consecutive adenosines, but sequencing results indicated that the plasmid pRV022 had 103 adenosines, which may be due to recombination during bacterial amplification of the plasmid DNA, as well as the inaccuracies in determining the length of repetitive sequences during Sanger sequencing. The difference between the 103 adenosines and 110 adenosines may also not be the main reason for the lower RV022 neutralizing antibody levels observed compared to RV021. The poly(A) structure of mRNA vaccines is designed in the plasmid in the upstream process. Owing to the instability of long repetitive sequences at the ends, truncation of the poly(A) tail often occurs during plasmid fermentation. Studies have revealed that segmented poly(A) tails containing spacers can improve the stability of plasmid DNA and the in vivo expression efficiency of mRNA (46–48). Therefore, a segmented poly(A) tail design was adopted in the candidate vaccine RV021, which enabled the retention of an intact poly(A) tail in the plasmid preparation. The design of non-coding sequences at the 5′ and 3′ ends may also affect the immunogenicity of mRNA vaccines. Factors that affect immunogenicity can therefore be investigated by designing mRNA vaccines with various types of sequences.

For pre-exposure prophylaxis using IRV, booster vaccination was performed on day 7 after the first vaccination, and the protective antibody titer effective against RABV should be ≥0.5 IU/mL (45). In this study, the antibody titers induced by RV021 at different vaccination intervals were found to be considerably higher than 0.5 IU/mL and were maintained for at least 260 days. Vaccination of mice with two doses at different intervals (7, 21, and 28 days) induced varying levels of neutralizing antibodies, with the levels increasing accordingly with prolongation of the interval. Similarly, Grunau et al. found that prolongation of the interval between two doses of mRNA vaccines for COVID-19 significantly increased the antibody levels of vaccinated individuals (49). In this study, we found that two doses of mRNA vaccine significantly improved antibody levels compared to a single dose, i.e., the vaccination strategy of two low doses was slightly superior to the single high-dose strategy. This result is of great significance as it indicates that the dose of mRNA vaccines can be lowered to further reduce toxicity and production costs.

The IRV production technology is relatively mature and has broad applications. However, studies have shown that rabies mRNA vaccines have superior immunogenicity over IRVs, particularly in their potential to induce cellular immune responses (35, 45). In this study, BALB/c mice were vaccinated with 2.5 μg of RV021 seven days apart. On day 14 after the booster vaccination, the GMTs of neutralizing antibodies in the mice was 55.26 IU/mL, whereas the GMTs of neutralizing antibodies in mice that received IRV using the same vaccination protocol was 10.13 IU/mL. This demonstrates that the mRNA vaccine has better immunogenicity than the IRV. RV021 also elicited cellular immune responses as manifested by high IFN-γ secretion levels, which were found to be significantly higher than those induced by the IRV and were consistent with results reported in the literature (35). However, the persistence of the cellular immune response induced by RV021 should be further studied.

Live-virus challenge experiments can effectively reflect the true protective effects of vaccines. In our virus challenge experiment in mice, RV021 exhibited good protective effects even at low doses. In mice vaccinated with two doses of RV021 seven days apart at different dose levels and subsequently intracranially challenged with live RABV at 30–60-fold LD50, the ED50 of RV021 was 0.031 μg. The NIH method, developed by the NIH in the USA, is a classic assay currently used for rabies vaccine potency evaluation. For rabies vaccines, a potency of ≥4.0 IU/dose is considered to be protective. At present, there are no approved rabies mRNA vaccines worldwide, and therefore, reference dose levels are lacking. The dose levels of the COVID-19 mRNA vaccines BNT162b2 and mRNA-1273, which have been widely used, are 30 μg/dose and 100 μg/dose, respectively (33). However, adverse reactions, such as myocarditis (50, 51), and skin reactions (52), may occur. The use of a low dose may be an important means to reduce the incidence of adverse reactions associated with mRNA vaccines. Data from live-virus challenge experiments in animals vaccinated with rabies mRNA vaccines have been reported, but there is a lack of research on the correlation between the relative potency and the mRNA dose. In the present study, the NIH method was, for the first time, used to determine the potency of rabies RNA vaccines, and it was found that the vaccine dose was highly correlated with the potency. At human doses of 10 μg/dose and 15 μg/dose, the potency of RV021 was 3.9 IU/dose and 7.5 IU/dose, respectively. This indicates that RV021 provides an acceptable protective effect at a dose of 15 μg/dose.

Further work expanding on the present study is required. RABV-N can activate B cell proliferation and induce T cell responses. However, in this study, we designed the mRNA vaccines encoding solely RABV-G as the antigen. Co-expression of RABV-N and RABV-G in the mRNA vaccine may potentially enhance cellular immunity, induce the long-lasting immune memory, and be more suitable for pre-exposure prevention of rabies. Post-exposure prophylaxis is a key application scenario for the administration of rabies vaccines. Therefore, the credibility of our results could be further enhanced through investigation of the protective effects of RV021 in post-exposure prophylaxis. Studies on the effectiveness and safety of vaccines in various animal models are also an integral part of rabies mRNA vaccine research. In conclusion, we successfully prepared a rabies mRNA vaccine that induces long-lasting neutralizing antibodies and provides effective protection even at low doses. Our results provide a novel approach and data for further development of rabies mRNA vaccines, which will contribute to the diversification of the rabies vaccine pipeline.
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