
RESEARCH ARTICLE

Recombinant adeno-associated virus serotype 9 AAV-RABVG expressing a
Rabies Virus G protein confers long-lasting immune responses in mice and
non-human primates
Chenjuan Shia, Li Tiana, Wenwen Zhenga, Yelei Zhua,b, Peilu Sunc, Lele Liua, Wenkai Liua, Yanyan Songa,
Xianzhu Xiae, Xianghong Xued and Xuexing Zhenga

aDepartment of Virology, School of Public Health, Cheeloo College of Medicine, Shandong University, Jinan, Shandong, People’s Republic
of China; bZhejiang Provincial Center for Disease Control and Prevention, Hangzhou, Zhejiang, People’s Republic of China; cInstitute of
Materia Medical, Shandong Academy of Medical Sciences, Jinan, People’s Republic of China; dDivisions of Infectious Diseases of Special
Animal, Institute of Special Animal and Plant Sciences, Chinese Academy of Agricultural Sciences, Changchun, People’s Republic of China;
eInstitute of Military Veterinary Medicine, Academy of Military Medical Science, Changchun, People’s Republic of China

ABSTRACT
Three or four intramuscular doses of the inactivated human rabies virus vaccines are needed for pre- or post-exposure
prophylaxis in humans. This procedure has made a great contribution to prevent human rabies deaths, which bring huge
economic burdens in developing countries. Herein, a recombinant adeno-associated virus serotype 9, AAV9-RABVG,
harbouring a RABV G gene, was generated to serve as a single dose rabies vaccine candidate. The RABV G protein
was stably expressed in the 293T cells infected with AAV9-RABVG. A single dose of 2 × 1011 v.p. of AAV9-RABVG
induced robust and long-term positive seroconversions in BALB/c mice with a 100% survival from a lethal RABV
challenge. In Cynomolgus Macaques vaccinated with a single dose of 1 × 1013 v.p. of AAV9-RABVG, the titres of rabies
VNAs increased remarkably from 2 weeks after immunity, and maintained over 31.525 IU/ml at 52 weeks. More DCs
were activated significantly for efficient antigen presentations of RABV G protein, and more B cells were activated to
be responsible for antibody responses. Significantly more RABV G specific IFN-γ-secreting CD4+ and CD8+ T cells, and
IL-4-secreting CD4+ T cells were activated, and significantly higher levels of IL-2, IFN-γ, IL-4, and IL-10 were secreted
to aid immune responses. Overall, the AAV9-RABVG was a single dose rabies vaccine candidate with great promising
by inducing robust, long-term humoral responses and both Th1 and Th2 cell-mediated immune responses in mice
and non-human primates.
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Introduction

Rabies remains a great public health problem in devel-
oping countries and is responsible for at least 60,000
human deaths every year worldwide [1,2]. Rabies is
an ancient zoonotic viral infectious disease caused by
rabies virus (RABV) and has been recorded in 150 ter-
ritories [3]. The RABV is a highly neurotropic virus
that affects the central nervous system (CNS) in the
mammalian host and the outcome is usually fatal
once clinical manifestations are apparent [4,5].
RABV could naturally infect all the warm-blooded
animals, including companion animals, carnivores,
wildlife animals, and humans. The bats and other
wildlife can also act as important reservoir hosts and
transmitters for RABV, and are associated with most
of human rabies cases found in North America [6].
However, dogs are the most transmissible hosts for
RABV, and the dog bites account for >99% of

human cases in the rabies epidemic countries in Asia
and Africa [7–9]. Rabies is a vaccine-preventable
fatal disease in human and animals. The prevention
of canine rabies through vaccination is essential to
eliminating human rabies in countries where dogs
are the primary source of human infections [10]. In
the past decades, the massive canine vaccination pro-
grammes and widespread immunization of humans
have significantly reduced the number of human
rabies deaths in industrialized countries and many
urbanized areas of developing countries [11]. How-
ever, the pre-exposure prophylaxis (PrEP) currently
consists of a 3-dose series of injections by intramuscu-
lar administration on days 0, 7, and 21 or 28, and the
annual regular booster doses are required to maintain
the immunity [12,13]. The simplified 4-dose regimen
recommended by WHO is currently widely applied
for post exposure prophylaxis (PEP) following
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exposure to a rabid or potentially rabid animal by
intramuscular administration on days 0, 3, 7, and 14.
The vaccinations of PEP are mainly injected in combi-
nation with human (HRIG) or equine (ERIG) anti-
rabies immunoglobulin, which is often short supplied
in rural areas in developing countries, and adds to the
economic burden [14]. Many other efforts have been
made in the assessment of anti-viral drugs to cure
the rabies patients, but there is no effective treatment
[15,16]. Given the inactivated human rabies vaccines
were poor immunogenic and did not induce strong
inflammatory response required for effective T- and
B- cells mediated responses [17]. The complicated
immunity programmes of the inactivated human
rabies vaccine also increased the cost of immunization.
Therefore, it is urgent to develop a new reduced-dose,
safe, and effective rabies vaccine to simplify the rabies
vaccination programme and lessen costs.

Recently, the adeno-associated virus vectors have
been proved to be an efficient platform for delivering
biological countermeasures against pandemic and bio-
logical threats [18,19]. In 2012, the European Medi-
cines Agency (EMA) approved Glybera, an AAV-
based gene therapy drug, for the treatment of inherited
lipoprotein lipase deficiency (LPLD) [20]. In 2017, the
Food and Drug Administration (FDA) approved
Spark Therapeutics LUXTURNA, a recombinant
adeno-associated virus serotype 2 of rAAV2-hRPE65
expressing human retinal pigment epithelium 65
kDa protein to apply in treatment of patients with
confirmed biallelic RPE65 mutation-associated retinal
dystrophy [21,22]. The AAV vectors have been also
widely used to deliver viral antigen or antibody
genes in vivo to cope with the viral infectious diseases,
such as human immunodeficiency virus (HIV) [23],
hepatitis B virus (HBV) [24], hepatitis C virus
(HCV) [25], nipah virus (NiV) and hendra virus
(HeV) [26], influenza A virus subtype (H1N1) [27],
and dengue virus (DENV) [28].

The AAV serotype 9 vectors have been frequently
observed to undergo robust axonal transport in vivo
and could penetrate the blood–brain barrier, which
was widely applied for gene delivery in different tis-
sues [29,30]. The RABV G protein is the only viral
envelope glycoprotein, and is responsible for viral
invasion, viral pathogenicity [31], viral escape from
the host immune responses [32], and plays a critical
role in inducing protective immune responses [1].
To address a dose-reduced, safe, and effective rabies
vaccine candidate, in the present study, a recombinant
adeno-associated virus serotype 9 of AAV9-RABVG
expressing a RABV G gene was generated and evalu-
ated its immunogenicity in mice and NHPs. All
those data suggested that the AAV9-RABVG would
be a promising single dose, safe, and effective rabies
vaccine candidate for PrEP in both animals and
humans.

Materials and methods

Ethics statement

All the mice studies were carried out strictly in accord-
ance with prior approval from the Ethics Committee
of Preventive Medicine of Shandong University (NO.
20160301). The Cynomolgus Macaques (Macaca fasci-
cularis) studies were conducted with prior approval
from the Animal Ethics Committee of Institute of
Materia Medical, Shandong Academy of Medical
Sciences (NO. AEC2018-006).

Plasmids, viruses, cells and antibodies

The plasmids of pAV-CMV-P2A-GFP, pAAV-rep/cap
and Ad helper vector were purchased from Vigene
biotechnology Co., Ltd. The BHK-21 cells and 293T
cells were both cultured in Dulbecco’s Modified
Eagle Medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco, Australia).
Rabies virus CVS-11 strain (GenBank No.
GQ918139.1) and street virus HuNPB3 strain were
propagated in BHK-21 cells. The mouse anti-RABV
Gmonoclonal antibody was purchased fromMillipore
(Massachusetts, USA). The Alexa Fluor 488-conju-
gated goat anti-mouse IgG (H+L) was purchased
from Proteintech (Abcam, UK). The donkey anti-
mouse IgG H&L (HRP) was purchased from Abcam
(Maharashtra, India). The antibodies of APC-CD19,
FITC-CD40, PE-Cy7-CD11c, PE-CD86, FITC-
MHCI, and PE-MHCII used for flow cytometry were
purchased from Franklin, USA.

Generation of recombinant AAV9-RABVG

The G gene of RABV SRV9 strain was cloned into the
AAV plasmid of pAV-CMV-P2A-GFP between AsiS I
and Mlu I sites, and obtained pAV-CMV-RABVG-
P2A-GFP. The 293T cells were co-transfected with
pAV-CMV-RABVG-P2A-GFP, Ad Helper plasmid
and pAAV-rep/cap, and incubated with replaced
serum-free DMEM for 24 h at 37°C. Virus packages
were completed at 72 h after transfection and recom-
binant virus AAV9-RABVG was obtained.

Indirect immunofluorescence (IFA) and
immunoblot

The 293T cells in a 6-well plate were infected with
AAV9-RABVG or AAV9-GFP at a multiple of infec-
tion (MOI) of 105, respectively. The cells inoculated
with DMEM were the mock cells. As for IFA, the
cells were fixed with 80% ice-cold acetone for 12 h at
−20°C after being cultured for 72 h at 37°C, and
then stained with primary antibody of mouse anti-
RABV G monoclonal antibody (Millipore, USA) and
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second antibody of Alexa Fluor 488-conjugated goat
anti-mouse IgG (H + L) (Proteintech, China). The
fluorescent signals were observed under an inverted
fluorescence microscope (Olympus, IX71, Japan). As
for immunoblot, the 293T cells infected with AAV9-
RABVG, AAV9-GFP, or mock, respectively, were
lysed in 1 ml RIPA (Solarbio, China) per 106 cells
with 0.5 mM proteinase inhibition of Phenylmethyl
sulphonyl Fluoride (PMSF). The supernatants of cell
lysates were separated by a 10% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) mem-
brane (Millipore, USA). The membrane was
incubated with primary antibody of mouse anti-
RABV G monoclonal antibody (Millipore, USA) and
secondary antibody of donkey anti-mouse IgG H&L
(HRP) (Abcam, UK), and visualized by the enhanced
chemiluminescent (ECL) HRP substrate (Thermo,
USA).

Immunity studies in mice

The 6–8-week old female BALB/c mice were pur-
chased from the Shandong University Laboratory Ani-
mal Center (Jinan, China), and were divided randomly
into 3 groups. The grouped mice were vaccinated with
2 × 1011 v.p. AAV9-RABVG or AAV9-GFP in 100 μl
by intramuscularly injection (i.m.). The mock mice
were inoculated i.m. with 100 μl DMEM. Body
weights and clinical signs were monitored daily for
21 days post immunity (p.i.) for the safety observation
of AAV9-RABVG. The blood samples were collected
from orbital venous plexus at 0, 2, 4, 8, 12, 24 weeks
p.i.. Six mice per group were challenged i.m. with 50
IMLD50 of HuNPB3 strain in skeletal muscle of oppo-
site hind legs at 3 weeks p.i., and observed for 21 days
for clinical signs of rabies and survivals.

Immunity studies in Cynomolgus Macaques

The twelve 3-year-old female Cynomolgus Macaques
were purchased from Guangdong Landau Biotechnol-
ogy Co., Ltd and divided randomly into three groups.
The Cynomolgus Macaques were intragluteally
injected 1 × 1013 v.p. AAV9-RABVG or AAV9-GFP
in 1 ml, the mock group was injected 1 ml DMEM.
The blood samples were collected from subcutaneous
veins of hind limbs at 0, 2, 4, 8, 12, 24, 36, and 52
weeks p.i.

Fluorescent antibody virus neutralization
(FAVN) test

The titres of rabies virus neutralizing antibodies
(RVNAs) were determined with fluorescent antibody
virus neutralization (FAVN) assays as described pre-
viously [33, 34]. Briefly, 2-fold dilutions of the heat-
inactivated sera were incubated with 150 TCID50 of

RABV for 1 h at 37°C in 96-well plates. Then, 50 µl
Vero cells (2 × 105/ml) were added to each well and
cultured in a 5% CO2 incubator at 37°C for 48 h.
The cells were fixed with 80% ice-cold acetone, and
then stained with FITC labelled mouse anti-RABV N
monoclonal antibody (Fujirebio, Japan). The fluor-
escent signals were observed by an inverted fluor-
escence microscope, and the titres of RVNAs were
calculated as IU/ml by comparison with the WHO
standard.

Flow cytometry assay

The inguinal lymph nodes or spleens of the vaccinated
BALB/c mice (n = 4 in each group) were collected at
the indicated time point. Single-cell suspension of
106 cells/ml was prepared in RPMI-1640 (Gibco,
USA) at 1-week p.i. with 0.2% FBS by pressing
through the nylon filters, and then stained with anti-
bodies APC-CD19, FITC-CD40, PE-Cy7-CD11c, PE-
CD86, FITC-MHCI and PE-MHCII at 4°C for
30 min. Data were collected by Beckman Coulter
Cytoflex S flow cytometer (USA) and analyzed using
the CytExpert 2.0 software (Beckman Coulter, USA).

Intracellular cytokine staining

Intracellular cytokine staining was performed to quan-
titate the cytokine secretions in CD4+ and CD8+ T
cells from spleens of the immunized mice. At 2
weeks p.i., single-cell suspensions of 2 × 106 cells/ml
from spleens of four mice in each group were stimu-
lated with inactivated SRV9 (10 μg/ml) and incubated
with a protein transport inhibitor BD cytofix/cyto-
perm (BD Biosciences, USA) for 6 h at 37°C. And
then the cells were stained with antibody of FITC-
CD4 and PE-CD8a (BD Biosciences, USA) for cell sur-
face antigens and stained with APC-IL-4 and PE-Cy7-
IFN-γ for intracellular cytokines for 30 min at 4°C.
The positive signals of lymphocyte population were
analyzed by flow cytometer (CytoFLEXS, Beckman
Coulter, USA).

ELISA assay

The secretions of IL-2, IL-4, IL-10, and IFN-γ in sple-
nocytes from the immunized mice were detected in
the presence of the specific stimulant. At 2 weeks
p.i., single-cell suspensions (2 × 106 cells/ml) from
spleens of four mice per group were stimulated with
inactivated and purified SRV9 (10 μg/ml) in 24-well
plate at 37°C for 60 h. The supernatants were collected
and measured by mouse IL-2, IL-4, IL-10, and IFN-γ
ELISA kit (Mabtech, Sweden) according to manufac-
turer instructions.
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Figure 1. Constructions and identifications of the recombinant virus AAV9-RABVG in infected 293T cells. The G gene of RABV SRV9
strain was cloned into the AAV plasmid of pAV-CMV-P2A-GFP between AsiS I and Mlu I sites, and resulted in pAV-CMV-RABVG-
P2A-GFP. The recombinant virus AAV9-RABVG (A) was obtained by co-transfection with pAV-CMV-RABVG-P2A-GFP, Ad Helper
plasmid and pAAV-rep/cap in 293T cells. The 293T cells were infected with mock (B and E), AAV9-GFP (C and F) or AAV9-
RABVG (D and G) at an MOI of 105, respectively, and the eGFP expressions were observed at 72 h post infection in AAV9-GFP
(C), AAV9-RABVG (D) or mock (B) infected 293T cells (×200) with a fluorescent microscope before fixed. Then, the cells were
fixed with 80% ice-cold acetone, and stained with primary antibody of mouse anti-RABV G monoclonal antibody and second anti-
body of Alexa Fluor 488-conjugated goat anti-mouse IgG (H + L). The fluorescent signals specific to the RABV G protein in 293T
cells (×200) infected with mock (E), AAV9-GFP (F) or AAV9-RABVG (G) was observed with a fluorescent microscope. The specific G
protein band was detected by western blot in the AAV9-GFP infected 293T cells (H).
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IFN-γ and IL-4 enzyme-linked immunospot
(ELISpot) assays

At 2 weeks p.i., single cell suspensions (2.5 × 106 cells/
ml) of spleens collected from the immunized mice (n
= 4) were prepared in 96-well ELISpot plates. The lym-
phocytes were stimulated with the inactivated and
purified SRV9 (10 μg/ml) for 36 h at 37°C. Secreted
IFN-γ or IL-4 was quantitated using ELISpot assays
(Mabtech, Sweden) according to the manufacturer’s
instructions. The resultant spot forming cells (SFCs)
were counted with an ELISpot reader (AID ELISpot
reader-iSpot, AID GmbH, GER).

Statistical analysis

Data are expressed as the mean ± standard deviation
(SD). The statistical difference between the data in
each group was analyzed by one-way ANOVA in
SPSS 22.0 software (SPSS Inc., Chicago, IL, USA).
Statistical significance was considered at *p < 0.05,
** p < 0.01, ***p < 0.001.

Results

Generation and characteristic of AAV9-RABVG

The G gene of RABV SRV9 strain was cloned into
the pAV-CMV-P2A-GFP at AsiS I and Mlu I sites
and resulted in pAV-CMV-RABVG-P2A-GFP. By co-
transfection with pAV-CMV-RABVG-P2A-GFP, Ad
Helper plasmid, and pAAV-rep/cap in 293T cells, the
recombinant virus AAV9-RABVG was obtained
(Figure 1(A). The GFP was expressed in 293T cells
infected with both AAV9-GFP (Figure 1(C)) and
AAV9-RABVG (Figure 1(D)). The green fluorescence
signals specific to the RABV G protein were only
observed in AAV9-RABVG infected 293T cells (Figure
1(G)), and no fluorescence was seen in AAV9-GFP
(Figure 1(F)) or mock (Figure 1(E)) infected 293T
cells. In Figure 1(H), a 70 kDa band of RABVG protein
was detected in AAV9-RABVG infected 293T cells,
while no band was seen in AAV9-GFP ormock infected
293T cells. Thus, the recombinant AAV9-RABVG was
successfully generated and could express the RABV G
protein in vitro.

Figure 2. Immunogenicity effects of AAV9-RABVG in BALB/c mice. (A) Mouse study design. Female, 6–8 weeks old, BALB/c mice (n
= 50 in each group) were inoculated i.m. with 100 μl of 2 × 1011 v.p. AAV9-GFP or AAV9-RABVG, respectively, and the mock mice
were inoculated i.m. with 100 μl DMEM. 3 weeks later, the vaccinated mice were challenged with 50 IMLD50 of HuNPB3 strain in
skeletal muscle of opposite hind legs. (B) The weight change percentages of the mice (n = 6 in each group) within 3 weeks p.i.. (C)
Survival curves of the vaccinated mice after challenging (n = 6 in each group) with the street RABV HuNPB3 strain. (D) The titres of
RVNAs in serum samples (n = 6 in each group at each time point) were detected respectively at 2, 4, 8, 12, and 24 weeks p.i.. (*p <
0.05, **p < 0.01, ns: no statistically significant)
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AAV9-RABVG induced robust and long-term
protective humoral responses in mice

The body weight changes of three groups of the
vaccinated BALB/c mice were monitored daily for 21
days to assess the safety of AAV9-RABVG. As shown
in Figure 2(B), compared to the mock group, the
mice inoculated with AAV9-RABVG or AAV9-GFP
showed slightly body weight changes. All the three
grouped mice showed no abnormal behaviour or
neurological signs during the observation period. As
shown in Figure 2(D), the titres of RVNAs in sera
from the AAV9-RABVG vaccinated mice reached
13.66 IU/ml at 2 weeks post a single dose immunity,

and demonstrated a persistent increase, and peaked
215.76 IU/ml at 8 weeks p.i.. The titres of RVNAs still
maintained over 100 IU/ml that was much higher
than 0.5 IU/ml the minimum adequately protective
antibody titres recommended by WHO at 24 weeks
p.i.. No RVNAs were detected in the AAV9-GFP or
mock-inoculated mice. All the mice vaccinated with
AAV9-RABVG survived without any rabies signs for
21 days after challenge (Figure 2(C)), but the mice
inoculated with AAV9-GFP or mock died of rabies.
Unsurprisingly, the AAV9-RABVG provided adequate
protective humoral immune responses against lethal
rabies infection. However, it was interesting that the

Figure 3. More DCs in the inguinal lymph nodes from the AAV9-RABVG vaccinated mice were activated. At 1 week p.i., inguinal
lymph nodes were collected from the vaccinated BALB/c mice (n = 6 in each group) and single cell suspensions (106 cells/ml) were
stained with antibodies of DCs activation markers and analyzed via flow cytometry. (A) The gating strategies for analyzing the DCs.
(B) Presentative flow cytometric plots for measuring the percentages of recruited and/or activated DCs. (C) Analyses for activated
DCs (CD11c+ CD80+, CD11c+ CD86+, CD11c+ MHCI+, CD11c+ MHCII+). (*p < 0.05, ***p < 0.001, ns: no statistically significant).
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AAV9-RABVG induced a significantly higher and
long-term RABV-specific neutralizing antibodies main-
tained in mice. Therefore, we investigated the molecu-
lar mechanism of this antibody production and
maintenance.

AAV9-RABVG activated more DC and B cells.

More CD11c+ CD80+, CD11c+ CD86+, CD11c+
MHC II+ DC cells in lymph nodes of AAV9-
RABVG grouped mice were significantly detected
than those of the mock grouped mice (Figure 3(B,
C)). These results demonstrated that AAV9-
RABVG activated more DC cells and the expression
of MHC II+ molecules to present viral-specific anti-
gens. The percentages of CD19+ CD40+ B cells in
inguinal lymph nodes (Figure 4(B,C)) and in spleen
(Figure 4(E,F)) from the AAV9-RABVG grouped

mice were significantly higher than those of the
mock grouped mice at 1-week p.i., indicated that
the more B cells were significantly activated by
AAV9-RABVG.

AAV9-RABVG induced both Th1 and Th2
immune responses

Compared to AAV9-GFP and mock groups, the
AAV9-RABVG elicited significantly more IFN-γ-
secreting CD4+ and CD8+ T cells and IL-4-secreting
CD4+ T cells (Figure 5(B,C)), and enhanced acti-
vations of IFN-γ- or IL-4- secreting CD4+ and CD8
+ T cells at 2 weeks p.i. Meanwhile, the AAV9-
RABVG induced significantly higher levels of IL-2,
IL-4, IL-10, IL-1β, TNF-α, and IFN-γ secretion by
spleen cells than those of the AAV9-GFP and mock
mice at 2 weeks p.i. (Figure 6). Significantly more

Figure 4. More B cells in inguinal lymph nodes and spleen were recruited and/or activated by AAV9-RABVG. At 1 week p.i., the
inguinal lymph nodes and spleen were collected from the vaccinated BALB/c mice (n = 6 in each group) and single cell suspen-
sions (106 cells/ml) were stained with antibodies of B cells activation markers and analyzed via flow cytometry. The gating strat-
egies for analyzing the B cells of inguinal lymph nodes (A) or spleen (D). Presentative flow cytometric plots for measuring
recruitment and/or activations of B cells of inguinal lymph nodes (B) or spleen (E). Analyses of activated B cells (CD19+ CD40
+) of inguinal lymph nodes (C) or spleen (F). (*p < 0.05, **p < 0.01, ***p < 0.001)
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IFN-γ (Figure 7(A,B)) and IL-4 (Figure 7(C,D)) SFCs
in spleens collected from the AAV9-RABVG vacci-
nated mice were recruited at 2 weeks p.i. All together,
the AAV9-RABVG induced high levels of both Th1
(IL-2 and IFN-γ) and Th2 cytokines (IL-4 and
IL-10) and AAV9-RABVG induced both Th1 and
Th2 cell-mediated immune responses in mice.

AAV9-RABVG induced robust and long-lasting
RVNA response in Cynomolgus Macaques

Furtherly, the immunogenicity of AAV9-RABVG was
evaluated in Cynomolgus Macaques, and the RVNA
titres were measured with the FAVN assay. As
shown in Figure 8, the RVNA titres of the serum

Figure 5. Intracellular cytokine detections. At 2 weeks p.i., single cell suspensions of 2×106 cells/ml from spleens (n = 4 in each
group) were stimulated with inactivated and purified SRV9 (10 μg/ml), and incubated with a protein transport inhibitor for 6 h at
37°C. And then the cells were stained with antibodies of FITC-CD4 and PE-CD8a for cell surface antigens and stained with APC-IL-4
and PE-Cy7-IFN-γ for intracellular cytokines for 30 min at 4°C. The positive signals of lymphocyte population were analyzed by flow
cytometer. (A) The gating strategies for analyzing the IFN-γ and IL-4 secreting CD4+ and CD8+ cells. (B) Presentative flow cyto-
metric plots for measuring the percentages of IFN-γ and IL-4 secreting CD4+ and CD8+ T cells. (C) Analyses for positive IFN-γ and
IL-4 secreting CD4+ and CD8+ T cells. (*p < 0.05, **p < 0.01, ***p < 0.001).
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samples from the AAV9-RABVG vaccinated Cyno-
molgus Macaques were detectable at 2 weeks p.i.,
and then increased rapidly and continuously, and
peaked 160.365 IU/ml at 8 weeks p.i. The RVNA titres
remained above 31.525 IU/ml at 52 weeks p.i., which
indicated that the AAV9-RABVG elicited a robust
and long term over one-year antibody maintenances.
No RVNAs were detected in theAAV9-GFP and
mock grouped Cynomolgus Macaques.

Discussion

The RABV G protein is the only viral surface
glycoprotein and plays a critical role in eliciting the
protective humoral immune responses. The WHO
have recommended that the titres of RVNAs over

0.5 IU/ml are adequate for protection against a lethal
RABV infection [9]. Many studies proved that the che-
mokine, inflammatory factor, and cell-associated
immune responses, also played important roles in
improving rabies vaccines efficacy and virus clearance
[35]. The inactivated human rabies vaccine contains
no adjuvant, and needs 3- or 4-times booster immu-
nizations. Several avirulent recombinant RABV
expressing GM-CSF, MIP-1α, IL-7, HMGB1,
CXCL13 were generated to develop an affordable
efficient rabies vaccine, but the live attenuated rabies
vaccine was still at risk for unforeseen occurrence
and difficult to be accepted by the public [2]. There-
fore, it is still necessary to explore a genetically engin-
eered, dose-reduced, safety, and effective rabies
vaccine.

Figure 6. RABV specific cytokines responses were induced by AAV9-RABVG in mice with ELISA assay. At 2 weeks p.i., single cell
suspensions of 2 × 106 cells/ml from spleens were stimulated by inactivated and purified RABV, and the secretion of IFN-γ (A), IL-2
(B), IL-4 (C), IL-10 (D), IL-1β (E) and TNF-α (F) was detected by ELISA assay. (*p < 0.05, **p < 0.01, and ***p < 0.001).
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AAV vectors have a relatively long history used for
gene therapy applications, and only recently emerged
in the vaccine field [36, 37]. For many years, the
AAV vectors have been considered as low immuno-
genic vectors due to inability of inducing long-term
expression of non-self proteins and generating
humoral or cellular immune responses by i.m. injec-
tions [38, 39]. The specific immune responses to
AAV vectored antigen depended on its accessibility
into different local antigen-presenting cells [40], and

associated with immunization route and transgene
type [41]. Controversial observations were sub-
sequently reported that AAV vectors induced CD8+
T cell-mediated immune response to transgenic anti-
gen by i.m., intranasal, intraperitoneal, and subcu-
taneous injection in mice or NHPs [36]. AAV2/
rh32.33, expressing a truncated envelope protein
(79E) of DENV, induced long-lasting antibody
response that was still detectable at 20 weeks after
immunization [42]. A single dose of rAAV5L1h,
encoding the major capsid protein L1 (L1h) from
the human papillomavirus type 16 (HPV16), was
sufficient to induce high titres of L1-specific serum
antibodies, as well as mucosal antibodies in vaginal
washes, and the seroconversion was maintained for
at least 1 year [43]. In this study, AAV9-RABVG
induced specific, robust, and long-term RVNA
responses in mice and NHPs. The titres of RVNAs
maintained over 100 IU/ml at 24 weeks p.i. in
AAV9-RABVG vaccinated mice, and stably main-
tained 31.525 IU/ml at 52 weeks p.i. in Cynomolgus
Macaques. The titre of RVNA ≥0.5 IU/ml in sera
was considered to be sufficient for protection from
rabies infections, and the RVNAs are mainly specific
to its surface G protein [44]. Thus, the AAV9 was a
high-efficiency vector for gene delivery of the RABV
G in mice and in NHPs.

DCs take up and present antigens to both CD8 and
CD4 T cells [45]. Recent study uncovered that the
ecto-domains of the RABV G protein mediated its

Figure 7. RABV specific T cell-mediated immune responses by AAV9-RABVG in mice. At 2 weeks p.i., single cell suspensions of
2.5 × 106 cells/ml from spleens were stimulated by inactivated and purified RABV, and the RABV specific IFN-γ or IL-4 SFCs
was quantitated using ELISpot assays (Mabtech, Sweden). (A) RABV specific IFN-γ SFCs. (C) RABV specific IL-4 SFCs. Representative
images for IFN-γ or IL-4 in each group were shown below the graph (B and D). (*p < 0.05, **p < 0.01, and ***p < 0.001).

Figure 8. RABV specific neutralizing antibodies responses in
Cynomolgus Macaques. Twelve 3-year-old female Cynomolgus
Macaques were divided randomly into three groups, and were
intragluteally injected with 1 ml of 1 × 1013 v.p. AAV9-RABVG
or AAV9-GFP. The mock group was injected with 1 ml DMEM
as control. The titres of RVNAs in serum (n = 4) were detected
at 0, 2, 4, 8, 12, 24, 36, 52 weeks p.i., respectively.
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DCs bindings and activations [1]. In this study, signifi-
cantly more DCs of inguinal lymph nodes from the
AAV9-RABVG vaccinated mice were activated, and
significantly more MHC II molecular were expressed
in DCs, where the RABV G protein was processed,
to present antigen to CD4+ T cells. Meanwhile, signifi-
cantly more MHCI molecular was detected, suggesting
that the RABV G protein was also cross-presented by
MHC I to CD8+ T cells triggering cytotoxic T cell
responses (CTL). However, AAV9-GFP did not elicit
significantly more DCs and B cells. We speculated
that these differences may be caused by different
exogenous proteins expressed by AAVs. The G
expressed by AAV9-RABVG is the main antigenic
components of RABV, which can induce strong
immune responses. Therefore, the recombinant
AAV9-RABVG strongly activated or recruited the
DCs and T lymphocytes in the periphery blood from
the immunized mice.

Naïve CD4+ T cells are activated after interaction
with antigen-MHC complex and differentiate into
the classical Th1 and Th2 cells [46, 47]. Th1 cells
mainly secreted IFN-γ and IL-2, while the key effec-
tor-cytokines IL-10 and IL-4 polarized naïve T cells
to Th2 cells [48]. CD4+ T cells enter B cell follicles
and help B cells product antibodies [49]. CD8+ T
cells are responsible for the clearance of RABV by
controlling infection together with antibodies by
enhancing IFN-γ production [13]. In this study, sig-
nificantly more IFN-γ-secreting CD4+ and CD8+ T
cells, and IL-4-secreting CD4+ T cells specific to
RABV G protein were detected and induced an
enhanced CTL effect in AAV9-RABVG vaccinated
mice. In addition, IL-2 and IFN-γ indicating Th1
type cytokines, and IL-4 and IL-10 indicating Th2
type cytokines, were significantly secreted by spleno-
cytes from AAV9-RABVG vaccinated mice. All
these findings indicated that AAV9-RABVG
strongly elicited both Th1 and Th2 cell-associated
immune responses in mice, which indirectly con-
tributed to the understanding of the robust and
one year long-lasting antibodies sustains in Cyno-
molgus Macaques.

The main issue of AAV vectors application is that
of the pre-existing immunity in the human population
to the wild-type AAV serotype 2. Employing alterna-
tive serotypes of AAV vectors may circumvent this
problem [50]. In conclusion, the recombinant
AAV9-RABVG inducing robust and long-lasting anti-
body responses in mice and in NHPs, proved a great
potential to develop as a new reduced-dose, safety,
and high-efficiency rabies vaccine candidate in
humans and animals.
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