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Abstract 
Introduction: Rabies is a fatal infectious disease, that poses a major public health threat in developing countries. With an annual death toll of 
approximately 59,000, more than half of which are children, an urgent need exists for a safe, affordable, and effective preventive measure 
against rabies virus infection. 
Methodology: A recombinant rabies vaccine called Ad5-dRVG was constructed by introducing two copies of the rabies virus glycoprotein into 
a human adenoviral vector. Virus-neutralizing assays and virus challenge experiments were employed to evaluate the Ad5-dRVG vaccine. 
Results: Our findings demonstrate that a single dose of Ad5-dRVG, administered either intramuscularly or orally, elicited significantly stronger 
immune responses than Ad5-RVG. Moreover, both vaccines provided complete protection in mice. Notably, the vaccine exhibited remarkable 
efficacy even at low doses, suggesting potential cost reduction in production.  
Conclusions: The development of the Ad5-dRVG recombinant rabies vaccine represents a significant advancement in rabies prevention. Its 
enhanced immunogenicity, demonstrated efficacy and potential cost savings make it a promising candidate for widespread use. 
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Introduction 

Rabies, a fatal neurological disease, is caused by the 
rabies virus. The virus can infect different species of 
mammals including humans, livestock, and wild 
animals. Its virion structure consists of an enveloped, 
bullet-shaped morphology. The viral genome is 
composed of a negative-sense single-stranded RNA, 
encoding five distinct viral proteins: nucleoprotein, 
phosphoprotein, matrix protein, glycoprotein, and 
RNA-dependent RNA polymerase. Out of these 
proteins, the glycoprotein is the only one exposed to the 
surface of the virion particle and is demonstrated to be 
the key element of immunogenicity, making it the most 
pivotal immunogen of rabies vaccines [1]. Once the 
rabies virus enters the body, it infects the peripheral 
nerves and subsequently migrates into the central 
nervous system of the brain, causing fatal encephalitis 
and myelitis. Infected individuals experience a range of 
symptoms, starting with flu-like manifestations during 
the incubation period. As the disease progresses, severe 
neurological symptoms arise due to the progressive 
nature of the encephalomyelitis [2]. Tragically, these 
symptoms ultimately lead to the death of the infected 
individuals. The incubation period of rabies typically 

spans approximately 2-3 months, although it can vary 
considerably, ranging from as brief as 1 week to as long 
as 1 year. The duration depends on factors such as the 
site of virus entry and the viral load. Unfortunately, 
once symptoms appear, death typically occurs within a 
narrow timeframe. For individuals with the furious or 
paralytic forms of rabies, the average survival time after 
the onset of symptoms is usually between 6 and 11 days. 
This leaves very little time for effective interventions or 
therapeutic options, making treatment options 
extremely limited [3]. Once clinical symptoms appear, 
this disease is virtually 100% fatal [4]. This neglected 
zoonosis causes the death of an estimated 59,000 people 
each year, with more than half of them in children. The 
burden of rabies is closely associated with the level of 
the sociodemographic index [5]. Significant progress 
has been made globally in terms of social and economic 
development, leading to a notable decline in both the 
incidence and mortality rates of rabies. Nonetheless, in 
specific regions characterized by lower and middle-
income levels, such as Asia and Africa, rabies remains 
a persistent and grave threat to human life. In 2019, 
India recorded the highest number of rabies-related 
fatalities, with over 5,200 reported cases. Following 
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India, Nigeria ranked third with 1,295 cases, and 
Pakistan ranked fourth with 1,198 cases. Ethiopia 
secured the fifth position, reporting 921 cases, while 
China stood at sixth place with 719 cases. Remarkably, 
only 34 countries worldwide have achieved the 
elimination of rabies by implementing effective 
vaccination strategies [5,6]. 

Vaccination is strongly recommended for 
individuals at high risk of exposure or those who have 
been exposed to the rabies virus. According to the 
WHO, over 29 million people worldwide receive post-
bite vaccinations. This is estimated to prevent hundreds 
of thousands of rabies-related deaths annually. The 
most widely used rabies vaccines are purified cell 
culture and embryonated egg-based vaccines [6]. From 
a geographical standpoint, 85% of supply is 
concentrated in two countries – China and India – with 
the largest manufacturers mostly producing cell culture 
vaccines. However, the high cost and required repeated 
vaccination seriously hinder the use and acceptance of 
the current rabies vaccine in developing countries [7]. 
Managing rabies exposure, where the average cost of 
rabies post-exposure prophylaxis (PEP) is currently 
estimated at an average of US$ 108 (along with travel 
costs and loss of income) can be a catastrophic financial 
burden on affected families whose average daily 
income may be as low as US$ 1–2 per person [8]. 
Globally, the economic burden of dog-mediated rabies 
is estimated at US$ 8.6 billion per year. Thus, the 
development of novel affordable, safe, and effective 
vaccines becomes a top priority for rabies control in 
developing areas.  

The inactivated vaccine is a well-established 
technology that has significantly improved the safety of 
vaccines. However, it does have limitations in terms of 
its ability to generate robust and long-lasting immune 
responses. The low cost of attenuated vaccines makes 
them an attractive vaccination principle, but such 
vaccines require the availability of an attenuated strain. 
Moreover, safety concerns exist as they may pose risks 
to individuals with compromised immune systems and 
can potentially revert to wild-type virulence, a safer 
approach is still desired [9]. While PEP is commonly 
used to control rabies in many countries, the optimal 
strategy would involve implementing pre-exposure 
prophylaxis (PrEP) targeting high-risk groups and 
conducting vaccination for domestic dogs and wild 
animals, which may carry the rabies virus. In such 
cases, an orally delivered vaccine has the potential to be 
widely accepted in the rabies PrEP campaign or 
formulated as bait to control rabies in wild animals. The 
development of alternative vaccine technologies is 

crucial to address the prohibitive cost of currently 
available cell-culture-derived vaccines [10], prevent 
vaccine supply shortages [11], and facilitate vaccine 
distribution.  

Virus-vectored vaccines have emerged as a highly 
versatile category of vaccines that address the needs 
mentioned earlier. Different vector types have been 
explored for vaccination purposes, including influenza 
virus, lentivirus, adeno associated virus, yellow fever 
virus, etc. [12–15]. However, none of these have been 
deemed ideal for vaccine use due to suboptimal 
characteristics such as genetic stability, safety, 
immunogenicity, cloning capacity, or production 
convenience and cost. Adenovirus (Ad) and poxvirus 
vectors have shown remarkable potential to become the 
gold standard of virus vector vaccines [16]. 

Viral vector-based rabies vaccines have shown 
promise for both veterinary and human use [7,17]. A 
recombinant vaccinia virus expressing the glycoprotein 
of the rabies virus was tested as an oral rabies vaccine 
[18]. This vaccine is formulated as oral bait and has 
demonstrated the ability to induce protective immunity 
in several wild animals. However, it has been associated 
with the risk of infection and allergies in humans 
(Centers for Disease Control Prevention, 2013). 
Adenovirus, another popular vaccine vector, has been 
widely utilized in vaccine development for various 
diseases due to its ability to stimulate robust cellular, 
humoral, and mucosal immune responses in both 
animals and humans. Replication-competent human 
adenovirus type 5 (Ad5) expressing rabies 
glycoprotein, known as AdRG1.3 or ONRAB, was 
developed as an oral vaccine bait by Artemis 
Technologies Inc (Guelph, Canada) [19]. Since 2006, 
several million doses of ONRAB have been distributed 
in Canada and have shown encouraging results in field 
efficacy assessment conducted on skunks and raccoons, 
without causing significant human contact or public 
safety concerns [20,21]. 

In previous studies, it has been observed that E1-
deleted replication-deficient adenovirus exhibits 
improved safety and efficacy compared to replication-
competent adenovirus [22]. Ad5 has been widely used 
in vaccine research, including vaccines that have been 
approved for human use during the COVID-19 
pandemic, such as those developed by CanSino 
Biologics in China. Rabies vaccine based on E1-deleted 
Ad5 has been developed and yielded promising results 
in rodents and canines [23]. Additionally, a chimpanzee 
adenovirus vector rabies vaccine was developed and 
tested in beagles, followed by human trials to assess 
safety and efficacy [24,25]. 
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In this study, a novel recombinant rabies vaccine 
was generated by inserting two copies of rabies virus 
glycoprotein into a human serotype 5 adenovirus vector 
and evaluated the immunogenicity and protective 
capacity of the vaccines. The results confirmed that the 
Ad5-dRVG vaccine significantly improved rabies 
glycoprotein expression in vitro. Furthermore, both 
intramuscular and oral administration of the vaccine 
induced virus neutralizing antibody responses in mice 
that exceeded the threshold of 0.5 IU/mL established by 
the WHO. These findings indicate that Ad5-dRVG is a 
promising candidate for a safe and effective rabies 
vaccine against rabies infection. 

 
Methodology 
Vaccines, cells, and viruses 

The human serotype 5 adenovirus genome (NCBI 
Reference Sequence: AC_000008.1) was synthesized at 
Tsingke Biotechnology Co., Ltd. (Chengdu, China). E1 
and E3 regions were deleted (deletion of the E1 region 
was from bp 560 to 4031, E3 region from 27858 to 
30839). The replication-deficient recombinant Ad5 
vector was used to construct recombinant Ad5 vaccines 
encoding codon-optimized full-length RVG or dRVG 
of Rabies CVS strain (GenBank accession number 
AJ506997). The transgene cassette of full-length RVG 
and dRVG has been inserted by homologous 
recombination in the E1 region. The human CMV 
promoter drives the transcription of the transgene, and 
the bovine growth hormone (BGH) poly(A) sequence is 
downstream to the transgene stop codon, forming a 
recombinant adenovirus genome. These recombinant 
adenovirus genomes were linearized and transfected 
into HEK293A cells (Thermo Fisher Scientific, MA, 
USA) to rescue the recombinant adenovirus, which was 
further propagated and purified by chromatography 
using POROSTM 50 HQ anion exchange resin (Thermo 
Fisher Scientific, MA, USA) and Capto Core 700 
multimodal chromatography resin (Cytiva, MA, USA) 
refers to the user’s manual. Viral particle (vp) 
measurements of adenovirus stocks were conducted 
using 260-nm absorbance [26]. HEK293A cells were 
maintained in complete Dulbecco's modified Eagle's 
medium (Cytiva, MA, USA) supplemented with 10% 
fetal bovine serum (HyClone, Utah, USA) and cultured 
at 37 °C and 5% CO2. BHK-21 cells (ATCC CCL-10) 
were grown in an EMEM medium (Thermo Fisher 
Scientific, MA, USA), supplemented with 10% fetal 
bovine serum. Rabies virus strain CVS-11 (GenBank 
accession number AJ506997) was propagated and 
maintained in mouse brains at Chengdu Kanghua 
Biological Products Co. Ltd. 

Western blotting 
HEK293A cells were pre-plated in 6-well plate, 

followed by infected with 1 × 109 vp of Ad5-RVG or 
Ad5-dRVG. Forty-eight hours post-infection, cells 
were lysed, and supernatants and cell pellets were 
collected. Protein samples were separated by 12% SDS-
PAGE and analyzed by Western blotting with rabbit 
anti-G of rabies virus polyclonal antibody. Goat anti-
mouse IgG-horseradish peroxidase (HRP) antibodies 
were used as secondary antibodies. The membranes 
were developed by ECL chemiluminescent substrate 
(Thermo Fisher Scientific, MA, USA). 

 
Mice and Immunization 

Female BALB/c mice at 6 to 8 weeks of age were 
randomly divided into 5 groups (n = 16). Groups 1 and 
2 were immunized intramuscularly (i.m.), and groups 3 
and 4 were immunized orally (i.o.), group 5 serves as 
control and was orally instilled with Ad5-empty. Ad5-
RVG and Ad5-dRVG were diluted in PBS. Mice were 
immunized with 1010 vp (100 µL) of vaccine or sham 
vaccine through i.m. or i.o. route.  

For i.o. administration, vaccines were concentrated 
to 20 µL and mixed with 20 µL RedDog nourishing 
cream (Guangdong, China) and then fed to the animals. 
Extra food and water were prohibited for the next 2 
hours after feeding. The sera were collected as indicated 
in Figure 2A.  

 
Challenge 

On day 60 after vaccination, the animals were 
challenged with 20 L of 50 folds of the 50% lethal 
dose of RABV (LD50) by i.m. inoculation. Rabies virus 
strain CVS-11 was used as the challenge virus and 
diluted with sterile phosphate-buffered saline. Mice 
were observed daily for signs of disease or death until 
30 days after the challenge. All animal experiments 
with rabies virus challenge were conducted under a 
biosafety level 2 (BSL2) facility at Sichuan University 
(Chengdu, China). 

 
Virus neutralization assay 

Rabies virus neutralizing antibodies (RVNA) were 
measured using a validated, WHO-approved test, 
fluorescent antibody virus neutralization (FAVN) test 
as previously described [27]. Briefly, 3-fold serial 
dilutions of standard serum (0.5 IU/mL) and test serum 
samples were prepared in quadruplicate in a multi-well 
plate and mixed with 100 TCID50 (50 μL) of CVS-11. 
After incubation at 37 °C in a humidified 5%, CO2 
incubator for 1 hour, a 50 μL suspension containing 2 × 
104 BHK-21 cells was added, and the incubation was 
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continued for 48 hours. The cells were fixed at 4 °C by 
treatment with 80% acetone for 30 min and stained with 
FITC-labeled anti-RABV-N monoclonal antibodies 
(Veterinary Research Institute, Changchun, China). 
Fluorescence was observed using ultraviolet 
microscopy, and the RVNA titers were calculated using 
the Spearman-Karber formula. According to guidelines 
from the World Health Organization, an RVNA titer of 
0.5 IU/mL is adequate to provide full protection. 

 
ELISPOT assay 

To detect antigen-specific T lymphocyte responses, 
rabies-specific T cell responses in mice splenocytes 
were determined by a standard IFN-γ ELISPOT assay. 
Spleens of vaccinated BALB/c mice were harvested at 
2 weeks post immunization and splenocytes were 
isolated. Flat-bottom, 96-well plates were precoated 
with 10 μg/mL anti-mouse IFN-γ Ab (BD Biosciences, 
USA) overnight at 4 °C and then blocked for 2 hours at 
37 °C. After blocking the plates, mouse splenocytes 
were plated in duplicate at 400,000 cells per well. Cells 

were stimulated overnight with 2 μg/mL final 
concentration of RVG peptide pools consisting of 15-
mer sequences with 11-amino acid overlaps to cover the 
sequence of rabies glycoprotein. Phytohemagglutinin 
(PHA) (ChemGen, Shanghai, China) was added as a 
positive control. Cells incubated without stimulation 
were employed as a negative control. After 24 hours of 
incubation, plates were developed with biotinylated 
anti-mouse IFN-γ antibody, conjugated streptavidin–
alkaline phosphatase (BD Biosciences, San Jose, CA) 
and with 1-Step NBT/BCIP solution (Thermo Fisher 
Scientific, Rockford, IL). When the colored spots were 
intense enough to be visually observed, the 
development was stopped by thoroughly rinsing 
samples with deionized water. The numbers of the spots 
were determined using an automatic ELISPOT reader 
and image analysis software (Cellular Technology 
Ltd.). A positive ELISPOT response was at least 50 
specific spots/million splenocytes on at least one 
peptide pool and three times the number detected in the 
negative control wells. 

Figure 1. Construction and characterization of Ad5 vector vaccines. 

(A) Schematic demonstration of antigen constructs of full-length RVG and dRVG. LITR, left inverted terminal repeat; RITR, right inverted terminal repeat; 
T2A, Thosea asigna virus 2A self-cleaving peptides. (B) Western blot analysis of rabies glycoprotein on lysates of 293T cells infected with 109 and 1010 viral 
particles (vp) of Ad5-RVG and Ad5-dRVG. 48 hours after infection cells were harvested and 20 mg of total cell lysates were used for WB analysis. 1010 vp 
of Ad5 vector infected cell lysates were used as the negative control, and GAPDH was used as a loading control. (C) 1010 vp of Ad5-RVG or Ad5-dRVG 
vaccines were inoculated into HEK293A cells, cell cultures were collected at different time points post infection, data are 107 TCID50/mL. (D) virus titers 
were analyzed at 48, 54 and 60 hours post infection. p values were analyzed with t-test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ****, p < 0.0001). 
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Statistical analysis 
Data are expressed as the means ± standard errors 

of the means (SEM). For all analyses, p values were 
analyzed with one-way or two-way ANOVA with 
multiple comparisons or unpaired t-tests. All graphs 
were generated with GraphPad Prism software v9.1.1 
(GraphPad, CA, USA).  

 
Results 

In the study, two replication-incompetent 
adenovirus vector-based vaccines were created, each 
carrying a different number of copies of the full-length 
glycoprotein of the rabies virus. The first vaccine, 
designated as Ad5-RVG, contained one copy of the 
glycoprotein, while the second vaccine, designated as 
Ad5-dRVG, carried two copies of the glycoprotein. 
These vaccines were developed and utilized for further 
evaluation of their immunogenicity and protective 
capacity against rabies infection (Figure 1A). The 
expression cassettes were inserted into the E1 region of 
an Ad5 vector with E1 and E3 deletion. Western blot 
was performed to confirm antigen expression in 
HEK293T cells infected with the recombinant 
adenovirus. Results show that all these antigens were 

detected in the cell lysates, where the antigen 
expression of Ad5-dRVG was significantly higher than 
Ad5-RVG (Figure 1B). Virus titer was measured every 
6 hours after inoculating 1010 viral particles of the 
vaccine in 6 well plates. Data show virus titer reached 
its highest-level 48~60 hours after infection, the 
insertion of the transgenes doesn’t significantly affect 
virus yield (Figure 1C, D). These results indicate the 
recombinant adenovirus was successfully constructed 
and the expression of rabies glycoprotein was 
consistent with our predictions. The Ad5-dRVG 
construct is potentially an optimal candidate for 
adenovirus vector rabies vaccine due to the potential 
advantage of requiring a lower vaccine dose, as the 
presence of multiple copies of the glycoprotein in the 
construct could enhance the immune response. 

Table 1. Animal grouping and immunization. Groups of female BALB/c 
mice (n = 16) were immunized with Ad5-RVG, Ad5-dRVG, or Ad5-
empty vaccines by intramuscular injection or oral feed. 

Group Animal no. Vaccine Dose/route 
1 16 Ad5-RVG 1010 vp i.m 
2 16 Ad5-dRVG 1010 vp i.m 
3 16 Ad5-RVG 1010 vp i.o 
4 16 Ad5-dRVG 1010 vp i.o 
5 16 Ad5-empty 1010 vp i.m 

 

Figure 2. (A) Schedule of animal immunization, blood, and challenge. Female BALB/c mice (n = 16/group) were immunized with one dose of 1 × 1010 vp of 
Ad5 vaccines through the i.m or i.o route, respectively. Sera from half of the mice were collected on days 7, 14, 28, and 56 post immunization. Spleens from 
half of the mice were collected two weeks post immunization. Rabies virus challenge experiment was performed on day 60 post immunization. (B-F) RVNA 
kinetics upon single vaccination with Ad5-RVG and Ad5-dRVG. Female BALB/c mice (n = 8/group) were primed at day 0 and were bled on day 7, 14, 28, 
and 56. Serum from each animal was tested for detection of rabies neutralizing antibody by FAVN method and expressed as IU/mL. Data are shown as group 
means ± SEM. (B, D) i.m vaccination humoral response. (C, E) i.o vaccination humoral response. (F) Humoral immune response on day 28. (G) 
Characterization of the cellular immune responses. BALB/c mice were immunized with 1 × 1010 vp Ad5-RVG, Ad5-dRVG, or mock (Ad5-empty). Mice 
splenocytes were isolated and analyzed by ELISPOT assays to evaluate the IFN-γ secretion of splenocytes after rabies G peptides stimulation. Data are means 
± SEM. p values were analyzed with t-test (ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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To evaluate the immunogenicity of the recombinant 
vaccines, groups of BALB/c mice (n = 16/group) were 
immunized with 1 × 1010 vp of Ad5-RVG and Ad5-
dRVG vaccines via intramuscular (i.m) injection or 
intra-oral feed (i.o) (Table 1). Ad5-empty was instilled 
into mice mouths as the control group. Blood samples 
were collected on days 7, 14, 28, and 56 post-
immunizations (Figure 2A). The serum-neutralizing 
endpoint titers against rabies virus were measured by 
FAVN method. Half of the animals (8 mice in each 
group) were sacrificed on day 14 after vaccination and 
the T-cell responses were measured by IFN-γ 
ELISPOT. 

 
Humoral immune responses 

In the intramuscular immunization group mice, 
mice sera were collected on days 0, 7, 14, 28, and 56 to 
measure the neutralizing antibody against rabies virus 
(RVNA). The RVNA can be detected as soon as 7 days 
post-immunization and continued to increase until day 
28 in vaccine groups. 28 days after immunization with 
the vaccines, both the Ad5-RVG and Ad5-dRVG 
groups elicited strong neutralizing antibodies against 
rabies (Figure 2B) (GMT 106.5 IU/mL for Ad5-dRVG 
group and 55.8 IU/mL for Ad5-RVG group). Rabies 
neutralization antibody responses continue to maintain 
at a high level during the whole investigation window. 

The neutralizing antibody response showed a 
similar pattern in i.o groups, while the overall antibody 
level was lower than in the i.m groups. RVNA reached 
its peak on day 28 in both vaccine groups (Figure 2C) 
(GMT 30.1 IU/mL for Ad5-dRVG group and 18.4 
IU/mL for Ad5-RVG group). 

In the intramuscular groups, neutralizing antibody 
titers elicited by the two vaccines are not significantly 

different, while in i.o groups, antibody titer induced by 
Ad5-dRVG is significantly higher when compared with 
the Ad5-RVG group (Figure 2D, E). When comparing 
the peak RVNA in the groups, intramuscular Ad5-
dRVG stands out dramatically, Ad5-dRVG and Ad5-
RVG induced similar humoral immune responses in i.o. 
groups (Figure 2F). 

 
Cellular immune responses  

To characterize the cellular immune responses 
induced by the Ad5-dRVG vaccine, three groups of 
immunized BALB/c mice were euthanized on day 14. 
Splenic lymphocytes were harvested, stimulated with 
an overlapping 15-mer peptide pool spanning the rabies 
virus glycoprotein, and analyzed by IFN-γ enzyme-
linked immunospot (ELISPOT). ELISPOT analysis 
revealed the robust T cell responses for mice vaccinated 
with vaccines via the i.m. or i.o. route (Figure 2G). 
Intramuscular and oral routes induced similar cellular 
immune responses, and Ad5-dRVG vaccine induced 
significantly stronger cellular immune responses than 
Ad5-RVG vaccine. 

 
Survival after challenge 

BALB/c mouse is a proper model for rabies virus 
infection. On day 60, the mice were challenged with 
lethal rabies challenge virus standard strain for further 
protection efficacy evaluation. The survival ratio was 
monitored daily until 28 days after the virus challenge. 
All the mice in the placebo group appeared with rabid 
symptoms after 3 days and were all dead on the 14th day 
after the challenge (mice were euthanized the day 
rabies-associated symptoms appeared). In the i.m 
groups, all the mice in vaccine groups remained 
uninfected, except one in the Ad5-RVG group died of 
non-rabies reasons. In the oral groups, all the mice 
survived during the whole monitoring period (Figure 3). 

 
Discussion 

The complete elimination of rabies from human 
society is unlikely to occur quickly due to the presence 
of lyssaviruses in numerous wild animals. The WHO is 
committed to intensify efforts towards the elimination 
of dog-mediated human rabies by 2030, a goal that has 
been achieved in several regions, including developing 
and developed regions [28,29]. Vaccination of pet dogs 
and wild animals along with PrEP for people who live 
in rabies-prevalent areas are effective means of 
avoiding human rabies. Nevertheless, the current 
inactivated rabies vaccines for PrEP are not cost-
effective in these areas due to their low-income status. 
Additionally, conducting mass vaccination campaigns 

Figure 3. Protective efficacy of AdC5 vaccines. 

Female BALB/c mice (n = 8/group) received one dose of AdC5-RVG or 
Ad5-dRVG or sham vaccine via the i.m or i.o route. 60 days post 
vaccination, mice were challenged with 50LD50 of Rabies CVS-11. 
Animals were monitored daily for survival. Data are survival percentages. 
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for wild animals presents logistical challenges and 
feasibility concerns [30]. The development of cheaper 
and more immunogenic vaccines that are stable and can 
be administered without injection becomes necessary. 

Adenovirus vector vaccines are a genetic vaccine 
format that may address the shortcomings of current 
rabies vaccine technologies. Benefits are the induction 
of balanced and enduring immunity as demonstrated for 
anti-tumor and prophylactic vaccination and storage at 
elevated temperatures [31,32]. In addition, it is a 
consensus that production for adenovirus vaccines is 
cost-effective and easy to scale up. 

Ad5 belongs to subgroup C adenoviruses and is an 
important tool for vaccine development, which allows 
for high yield production in HEK 293 cell lines 
containing the E1 region, thus being an ideal vaccine 
platform for neglected diseases. An E1-deleted 
replication-deficient Ad5 vector expressing rabies virus 
glycoprotein was initially developed as a rabies 
vaccine, which has been tested in mice via different 
administered route and could provide full protection at 
a low dose against lethal challenge of rabies virus 
[33,34]. It has also been tested in non-human primates 
and a small group of people, whereby a single 
immunization with a moderate dose of this vaccine 
resulted in sustained titers of rabies virus neutralizing 
antibodies [35]. 

To improve vaccine efficacy and further reduce the 
production cost, an E1/E3-deleted Ad5 vector 
expressing two copies of glycoprotein of rabies virus 
was generated to enhance antigen expression. In this 
study, we conducted a comparison of the immune 
response and protective efficacy between two vaccines, 
Ad5-RVG and Ad5-dRVG, using different 
immunization routes. In both i.o and i.m animal groups 
of the two vaccines, humoral and cellular responses to 
rabies virus were effectively elicited. High levels of 
antibody could be retained for about four weeks and 
then gradually decline but remained at a high-level 
significantly above the WHO reference until 56 days 
post-immunization. As anticipated, Ad5-dRVG 
induced a higher immune response than Ad5-RVG. 

While RABV is extensively studied, 15 additional 
lyssavirus species exhibit genetic and antigenic 
divergence. Among these lyssaviruses, only RABV is 
capable of infecting multiple hosts, whereas the others 
are exclusively associated with bats [36]. Studies on 
lyssavirus neutralization have demonstrated that 
antibodies against RABV also confer protection against 
ARAV, ABLV, BBLV, DUVV, EBLV-1, EBLV-2, 
IRKV, KHUV, and GBLV. However, the specific level 
of neutralizing antibodies required for each individual 

lyssavirus species remains unknown [37]. These viruses 
share phylogenetic and antigenic similarities with 
classical RABV, and the 10 lyssaviruses in this group 
are further classified as phylogroup I based on their 
genetic and antigenic relationships. Within the 
Lyssavirus genus, two additional phylogroups have 
been defined. In vivo vaccine-challenge experiments 
have indicated that the antibody response generated by 
current rabies vaccines may not produce sufficient 
neutralizing antibodies to protect against viruses 
belonging to the other two phylogroups of lyssavirus 
[38–42]. Based on this knowledge and considering the 
rarity of non-RABV lyssavirus infections, the 
development of a "multi-valent rabies vaccine" may not 
be an urgent priority. However, it is worth exploring the 
concept proposed in this study, which involves 
generating a recombinant adenovirus vaccine 
expressing heterologous glycoproteins. This direction 
presents an opportunity to expand our research. 

In this study, we observed the unfortunate death of 
one mouse in the muscular immunization group. It is 
important to note that this adverse event was unlikely 
caused by the virus challenge. First, the mice in the 
muscular immunization group did not show any rabid 
symptoms before their death compared to the mice in 
the PBS group. Second, before the mice were infected 
with the rabies virus, the serum-neutralizing antibody 
titer was substantially higher than 0.5 IU/mL, which 
represents theoretically total protection against rabies. 
Third, previous studies have shown that when mice are 
challenged with the rabies virus, they usually develop 
symptoms and die 5-12 days after infection [29,34,42–
46]. In our study, the mice died on the second day after 
infection, which is too soon for the virus to attack the 
central nervous system. However, immunostaining is 
needed to confirm this hypothesis. Since the mouse 
managed to produce neutralizing antibodies, it is 
unlikely that the mouse had an underlying 
immunodeficiency condition that may have 
predisposed it to a higher risk of adverse events. 
Furthermore, it is important to acknowledge the 
inherent variability in experimental animals, including 
genetic factors, individual responses, and susceptibility 
to stress. Even within a controlled experimental setting, 
mice can exhibit heterogeneous responses to handling 
due to innate biological differences. Therefore, it is 
crucial to consider the possibility that the unfortunate 
death of the mouse may have resulted from a 
combination of genetic predisposition, individual 
variability, and other unknown factors. Despite the 
unfortunate occurrence, the findings from the 
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remaining mice in the immunization group support the 
efficacy and safety of the vaccine. 

Needle phobia is an important issue for about 20% 
of adults and children and can make immunizations 
stressful [47,48]. In addition, accidental needle sticks 
are a serious problem in both developed and developing 
countries (World Health Organization. State of the 
World's Vaccines and Immunization (World Health 
Organization, Geneva, 1996)). Unsafe and improper 
use of syringes also causes overwhelming disease 
transmission. Needle-free method of vaccine 
immunization is safe, cost-friendly, easy to manipulate, 
and well-accepted, thus being recommended by WHO 
[49]. 

In a previous study, it was observed that oral 
immunization using adenoviral vector vaccines failed to 
activate immune responses against the rabies virus 
primarily due to low pH conditions in animal gastric 
juice [24,46]. In our study, the vaccine was mixed with 
viscous bait in a small volume and prevented the 
animals from food or water intake for several hours. By 
doing so, it is ensured that the adenovirus can be 
released and fully in contact with the oral cavity 
mucosal. The results demonstrated that the Ad5-dRVG 
improved antigen expression and induced a higher 
immune response than Ad5-RVG. Furthermore, by 
delivering the vaccine through oral feeding with a small 
volume and utilizing a viscous formulation, the contact 
time between the vaccine and the mucosal surfaces was 
extended. This approach effectively circumvented the 
destructive impact of gastric acid, which could 
compromise the vaccine's efficacy.  

It is known that RVNA is the most important 
indicator in evaluating whether a rabies vaccine is 
effective [50]. In the case of post-exposure prophylaxis 
(PEP), where achieving a serum threshold of 0.5 IU/ml 
of RVNA within two weeks after vaccination is crucial 
[51]. The Ad5-dRVG demonstrates a rapid onset of 
RVNA production. This characteristic positions Ad5-
dRVG as a suitable vaccine candidate for PEP. 
However, further investigation is required in PEP 
animal models to confirm its efficacy. 

One of the common concerns about human 
adenovirus vectors is the presence of pre-existing 
neutralizing antibodies. Previous studies have indicated 
that these pre-existing antibodies are significantly lower 
in mucosal than in blood. Additionally, intranasal 
administration of adenovirus vaccines induced fewer 
neutralizing antibodies against adenovirus itself. 
Furthermore, repeated vaccination dose not boost the 
antibody titer in these cases. These findings suggests 
that mucosal administration may help overcome the 

pre-existing antibody problem [52]. Our study shows 
similar results that both i.m and i.o administration 
induced adenovirus neutralizing antibody, while in i.o 
groups antibody titer of adenovirus is notably lower 
compared with the i.m group (data not shown).  

In conclusion, our study demonstrates that the 
adenovirus vector rabies vaccine Ad5-dRVG is 
effective in activating the immune response and 
providing complete protection against lethal rabies 
virus challenge when administered via both 
intramuscular and intra-oral routes. This vaccine shows 
potential in addressing the various requirements for 
protecting humans from rabies disease. By 
incorporating the vaccine into bait, it holds the potential 
to reduce rabies circulation in wildlife populations. This 
approach can improve compliance and enhance the 
successful implementation of rabies control programs. 

 
Conclusions 

Our work have demonstrated the potential of using 
human serotype 5 adenovirus vectors as effective tools 
for antigen delivery in the development of rabies 
vaccines. We successfully developed novel 
recombinant rabies vaccines, Ad5-RVG and Ad5-
dRVG, by cloning one or two copies of the rabies virus 
glycoprotein into a human adenoviral vector. 
Comparative analysis revealed that a single dose of 
either intramuscular or oral immunization with Ad5-
dRVG resulted in significantly stronger immune 
responses compared to Ad5-RVG. Both vaccines 
demonstrated the ability to provide complete protection 
in mice. Moreover, our additional investigations 
revealed that Ad5-dRVG achieved complete protection 
even at a very low dose, which has the potential to 
significantly reduce the production cost of the rabies 
vaccine. This finding further supports the cost-
effectiveness and accessibility of using adenovirus 
vectors for rabies vaccination. 
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