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The search for a safe and efficacious vaccine for Ebola virus continues, as no current vaccine candidate is
nearing licensure. We have developed (i) replication-competent, (ii) replication-deficient, and (iii) chemically
inactivated rabies virus (RABV) vaccines expressing Zaire Ebola virus (ZEBOV) glycoprotein (GP) by a
reverse genetics system based on the SAD B19 RABV wildlife vaccine. ZEBOV GP is efficiently expressed by
these vaccine candidates and is incorporated into virions. The vaccine candidates were avirulent after inocu-
lation of adult mice, and viruses with a deletion in the RABV glycoprotein had greatly reduced neurovirulence
after intracerebral inoculation in suckling mice. Immunization with live or inactivated RABV vaccines
expressing ZEBOV GP induced humoral immunity against each virus and conferred protection from both
lethal RABV and EBOV challenge in mice. The bivalent RABV/ZEBOV vaccines described here have
several distinct advantages that may speed the development of inactivated vaccines for use in humans and
potentially live or inactivated vaccines for use in nonhuman primates at risk of EBOV infection in endemic
areas.

The Ebolavirus genus of the family Filoviridae comprises
four viral species; Zaire, Sudan, Cote d’Ivoire, and Reston
Ebola virus (EBOV) (36). A potential fifth species, Bundibu-
gyo, was recently associated with an outbreak of hemorrhagic
fever in Uganda in 2007. Since the identification of Zaire
EBOV (ZEBOV) in the 1970s, at least 20 human outbreaks
have been reported in Central Africa (36). Fatal EBOV infec-
tion is characterized by flu-like symptoms and high fever fol-
lowed by coagulopathy, hemorrhagic manifestations, shock,
and multiorgan failure. While case fatality rates vary between
outbreaks and among the EBOV species, ZEBOV has been
associated with up to 90% lethality (25). In addition, outbreaks
of lethal EBOV infection have been reported in nonhuman
primates (NHPs), including gorillas and chimpanzees, in
endemic areas (1, 24, 25, 47, 48). EBOV has also emerged as
a significant biodefense concern because of its extreme vir-
ulence and capability to induce disease via aerosolization
(15, 19).

Several strategies have been employed to identify vaccine
candidates that confer protection from EBOV. Immunization

with the EBOV glycoprotein (GP), which mediates viral at-
tachment and entry, has been shown to confer protection from
homologous EBOV species in NHPs. Specifically, delivery of
GP by DNA vaccination, virus-like particles, or by expression
from recombinant viruses, including adenovirus, vesicular sto-
matitis virus (VSV), or paramyxoviruses, has been shown to
induce humoral and cellular immunity to EBOV, although the
exact correlate(s) of protective immunity remains incompletely
defined (3, 4, 8, 14, 18, 42–45, 51, 52). Because of unsuccessful
cross-protection studies and the known high amino acid se-
quence divergence of GP across the EBOV species, it is be-
lieved that a multivalent vaccine will be required to provide
protection from all EBOV species (14). Recently, cross-pro-
tection against Bundibugyo EBOV was demonstrated by DNA/
adenovirus prime-boost vaccination with Sudan EBOV and
ZEBOV, indicating the potential for heterologous protection
(16, 18). Taken together, these prior vaccination strategies
have firmly established that efficient immunization with EBOV
GP confers protection from lethal EBOV challenge in rodents
and NHPs. As the disease course of EBOV in humans resem-
bles that observed in NHPs, it is anticipated that human vac-
cination will be an effective means of disease prevention. De-
spite the successful preclinical studies of the above vaccine
candidates, obstacles remain which may hinder their licensure
and utilization, including safety concerns, preexisting vector
immunity, and manufacturing, dosage, or schedule issues. As
such, the identification of additional vaccine candidates con-
tinues with a focus on killed vaccines that might have optimal
safety profiles.
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The objective of the present study was to identify novel
vaccine candidates for EBOV with a maximum potential of
licensure and utilization. To this end, we chose the rabies virus
(RABV) vaccine platform, which would allow rapid development
of replication-competent, replication-deficient, and chemically
inactivated vaccine candidates, increasing the likelihood that
an appropriate balance between vaccine immunogenicity and
reactogenicity would be achieved. In addition, RABV causes
an estimated 24,000 deaths per year in Africa, and this is
believed to be an underestimate (6, 20, 37), so a bivalent
RABV/EBOV vaccine would be an effective public health tool
in Central Africa. RABV is a nonsegmented, negative-strand
RNA virus of the Rhabdoviridae family. Although wild-type
RABV almost always causes a fatal central nervous system
(CNS) disease in mammalian species (37), in its attenuated
form, the RABV vaccine has proven to be an excellent vaccine
vector (5, 10–12, 27–29, 39, 41, 46). Highly attenuated, recom-
binant RABV vaccine vectors expressing HIV-1 and other viral
antigens, such as severe acute respiratory syndrome coronavi-
rus S and hepatitis C virus E1 and E2, have been shown to be
safe and to induce both humoral and cellular immune response
in small-animal models (26, 28–30, 39). In the case of HIV-1,
these RABV vaccine candidates have been characterized by
potent induction of humoral and cellular immunity in mice and
NHPs and are avirulent after peripheral administration. The
RABV vaccine vectors are generated from a reverse genetics
system derived from the live-attenuated SAD B19 RABV vac-
cine, which is used for wildlife vaccination in Europe (49, 50).
Further attenuated RABV vectored vaccines have been gen-
erated by the introduction of mutations in the RABV glyco-
protein (G) as well as the deletion of the RABV G; these
viruses are propagated on trans-complementing cell lines that
express RABV G (17, 29, 31). These recombinant viruses have
been demonstrated to be growth deficient or restricted in
vitro and in vivo and are strongly immunogenic (17, 29, 31).
Furthermore, beta-propiolactone-mediated inactivation of
RABV vectored vaccines has been used to generate killed
vaccine candidates that should have optimal safety profiles
(39, 40).

Here, we describe the generation of live-attenuated and
inactivated RABV vaccines expressing ZEBOV GP and dem-
onstrate their molecular properties, virulence, immunogenic-
ity, and protective efficacies against RABV and EBOV in mice.
In addition to the advantages of the RABV vaccine platform
described above, it is anticipated that the current advanced
state of RABV vaccine safety, production, and distribution
may accelerate the clinical development of the inactivated
ZEBOV GP vaccines.

MATERIALS AND METHODS

Plasmid construction. The full-length coding region of the ZEBOV GP was
amplified with primers RP777 (GTGTGAATTCCGGAACGTACGCCGCCAC
CATGGGTGTTACAGGAATATTGCAGTTACCTCGT) and RP778 (GGAA
GCTAGCTCACTAAAAGACAAATTTGCATATACAGAATAAAGC) and
cloned into the BsiWI and NheI sites of a modified BNSP RABV vector that
encodes glutamic acid at position 333 of the RABV glycoprotein (29). The
resulting plasmid was designated cBNSP333-GP. A truncated version of GP that
contains the ecto- and transmembrane domains but lacks the cytoplasmic tail was
amplified with primers RP777 and RP781 (GGAAGCTAGCCTAGTTAACGC
ATATACAGAATAAAGCGATAACTGCAA), digested with BsiWI and HpaI,
and ligated to the HpaI-NheI fragment of pSN-VSV-G (13), which contains the

cytoplasmic tail of the RABV G. The fusion gene was then digested with BsiWI
and NheI and cloned into cBNSP333 to generate cBNSP-GPGCD. The G-deleted
constructs BNSP�G-GP and BNSP�G-GPGCD were generated by digestion of
the G-containing parent plasmids BNSP-GP and BNSP-GPGCD with PacI and
SmaI and religation of the blunted fragments.

Virus recovery from cDNA and propagation. G-containing and G-deficient
recombinant RABV were recovered and grown as described previously (17, 53).

Western blot assays. BSR cells were infected at a multiplicity of infection
(MOI) of 2 to 5 at 34°C. At 24, 48, and 72 h postinfection, the cells were washed
once in phosphate-buffered saline (PBS) and resuspended in lysis buffer (50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate
[SDS], 1� protease inhibitor cocktail [Sigma]) on ice for 30 min. The suspension
was transferred to a microcentrifuge tube and spun for 10 min at 16,000 � g to
remove cell debris. Proteins were separated by SDS–9% polyacrylamide gel
electrophoresis (PAGE) and transferred to a nitrocellulose membrane (What-
man, Minnetonka, MN). Blots were blocked for 1 h in 5% dry milk powder in
Tris-buffered saline (TBS; pH 7.4). After being blocked, blots were washed twice
using a 0.05% TBS-Tween 20 solution and incubated overnight at 4°C with
polyclonal monkey anti-EBOV antibody or monoclonal antibody against RABV
phosphoprotein. Blots were then washed four times with 0.1% TBS-Tween.
Secondary goat anti-human or goat anti-mouse horseradish peroxidase (HRP)-
conjugated antibodies (diluted 1:50,000; Jackson ImmunoResearch) were added,
and blots were incubated for 1 h at room temperature (RT). Blots were washed
four times with 0.1% TBS-Tween and once with PBS (pH 7.4). Chemilumines-
cence analysis using WestPico substrate (Pierce) was performed as instructed by
the vendor.

Electron microscopy. BSR cells were grown in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 5% fetal bovine serum (FBS; HyClone) and
1% penicillin-streptomycin for 24 h. Monolayers were washed one time with 1�
PBS and then infected with virus at an MOI of 0.1 in Cellgro Complete serum-
free medium (Mediatech). Flasks were incubated at 37°C–5% CO2 for 72 to 96 h.
For double-immunogold labeling, infected cells were fixed in their respective
flasks for 10 min in 0.1% paraformaldehyde (PFA) in Millonig’s buffer. The cells
were incubated with KZ52 human anti-Ebola GP antibody for 3 h at room
temperature. After wash steps with Cellgro Complete medium (Mediatech Inc.,
Manassas, VA), the cells were incubated with goat anti-human–5-nm colloidal
gold (Ted Pella, Redding, CA) conjugate for 2 h at room temperature. After
wash steps, the cells were incubated with rabbit anti-rabies virus G antibody
(Jackson ImmunoResearch, West Grove, PA) for 3 h at room temperature. After
wash steps, the cells were incubated with goat anti-rabbit–15-nm colloidal gold
conjugates for 2 h at room temperature. After wash steps, the cells were fixed
using 2.5% glutaraldehyde, 2.0% paraformaldehyde in Millonig’s sodium phos-
phate buffer (Tousimis Research, Rockville, MD). After scraping and pelleting,
the samples were washed repeatedly in Millonig’s buffer and incubated for 2 h in
1.0% osmium tetroxide in the same buffer. Following rinsing steps in ultrapure
water and en bloc staining with 2.0% uranyl acetate, the samples were dehy-
drated in a series of graded ethanols and infiltrated and embedded in DER-736
plastic resin. Embedded blocks were sectioned using a Reichert-Jung Ultracut E
ultramicrotome. Fifty- to 70-nm sections were collected on 200-mesh copper
grids and poststained with Reynold’s lead citrate. Electron microscopy specimens
were examined in a FEI Tecnai Spirit Twin transmission electron microscope
operating at 80 kV.

Virus spread assay. Spread assays were conducted to analyze the capacity of
the G-deleted RABV expressing GP to multiply on trans-complementing BSR-
RVG, as well as on wild-type BSR cells. The complementing cell lines were
induced by removal of doxycycline, followed by infection with the respective
RABV at an MOI of 0.01. After 2 h, the virus was removed, cells were washed
one time in PBS, and either doxycycline-containing or doxycycline-free medium
was replenished. After incubation for 72 h at 34°C, cells were fixed with 80%
acetone and viral antigen was detected with fluorescein isothiocyanate (FITC)-
conjugated anti-RABV nucleoprotein (RABV-N) monoclonal antibody (Cento-
cor) by using a fluorescence microscope.

Animal studies. All animals were handled in strict accordance with good
animal practices as defined by the relevant international guidelines (Association
for Assessment and Accreditation of Laboratory Animal Care [AAALAC]; ac-
creditation status Thomas Jefferson University [TJU; full], NIAID [full]) and
national guidelines (TJU Animal Welfare Assurance number A3085-01; NIHAID
A4149-01), and all animal work was approved by the Institutional Animal Care
and Use Committee (IACUC) at TJU and the National Institute of Allergy and
Infectious Diseases (NIAID). Animal use protocols were written and approved
in accordance with Public Health Service Policy on Humane Care and Use of
Laboratory Animals and the Guide for the Care and Use of Laboratory Animals
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(34). TJU IACUC protocol numbers 414I and 414J were utilized in this study.
NIAID IACUC protocol number OSD-21E was utilized in this study.

Mouse pathogenicity experiments. For peripheral inoculation, 6- to 8-week-
old inbred BALB/c or outbred Swiss Webster mice were administered intraper-
itoneal (i.p.), intranasal (i.n.), or intramuscular (i.m.) injections of live virus or
beta-propriolactone-inactivated virus at the concentrations indicated below in
the figure legends. The i.m. injections were performed by administration of 50 �l
into the hind leg muscle (gastrocnemius). Mice were monitored daily for clinical
signs and signs of morbidity during the time periods indicated in the figure
legends. Mice were individually or group weighed periodically as a measure of
health status.

For analysis of viral neurovirulence, litters of 10 5-day-old Swiss Webster
mouse pups were administered by the intracerebral (i.c.) route 10-�l injections
containing serial dilutions of parental and RABV vaccines expressing GP. Mouse
pups were monitored daily for clinical signs of encephalitis, and moribund mice
were humanely euthanized. The number of surviving mice was recorded daily.

Mouse immunization and challenge. For RABV challenge experiments,
groups of 10 BALB/c mice were immunized i.m. with vehicle, 5 � 105 focus-
forming units (FFU) of the indicated virus, or 10 �g of inactivated virus, on day
0 (1-dose group) or on days 0 and 14 (2-dose group). On day 30 postimmuniza-
tion, all mice were bled and serum was isolated for analysis by enzyme-linked
immunosorbent assay (ELISA) as described below. On day 50 postimmunization,
10 mice were challenged i.m. with the highly virulent RABV strain CVS-N2c and
monitored for signs of encephalitis and morbidity for 21 days. Moribund mice
were humanely euthanized. Mouse survival was recorded daily, and weights were
measured periodically. Virulent RABV challenge was performed in a biosafety
level 3 vivarium.

For challenge with mouse-adapted EBOV (MA-EBOV) (2), groups of 10
BALB/c mice were immunized i.m. with vehicle, 5 � 105 FFU of the indicated
virus, or 10 �g of inactivated virus on day 0 (1 dose) or on days 0 and 14 (2 dose).
On day 30 postimmunization, all mice were bled and serum was isolated for
analysis by ELISA as described below. On day 77 postimmunization, mice were
challenged i.p. with 1,000 PFU of MA-EBOV and monitored for signs of mor-
bidity for 21 days. Moribund mice were humanely euthanized. Mouse survival

was recorded daily, and weights were measured periodically. The MA-EBOV
challenge experiment was approved by the University of Texas Medical Branch
IACUC and performed in the Galveston National Laboratory biosafety level 4
laboratory at the University of Texas Medical Branch in Galveston, TX.

Antibody assays. Mouse sera were tested in an indirect ELISA to evaluate
humoral responses against EBOV-GP and RABV-G. GP antigen for coating
ELISA plates was obtained by harvesting cell supernatant of mouse neuroblas-
toma cells transiently transfected with expression plasmids encoding amino acids
33 to 632 of the GP ectodomain or a truncated version of the ectodomain that
lacks the mucin domain (amino acids 312 to 462). The plasmids (21, 22) were
generously provided by E. Ollmann Saphire, Scripps Research Institute, La Jolla,
CA. RABV glycoprotein was purified as described previously. Ninety-six-well
Maxisorb plates (Nunc) were coated overnight with 200 �l of cell culture super-
natant or 200 ng of purified RABV G per well, washed three times with PBST
(PBS with 0.05% Tween 20), and then blocked for 2 to 3 h with PBST containing
5% nonfat dry milk. Plates were then incubated with the test sera diluted 1:200
in PBST at 4°C. The following day the plates were washed three times with
PBST, and 200 �l goat anti-mouse IgG conjugated to HRP (1:10,000 dilution)
was added per well. Two hours later the plates were washed with PBST and
developed with SigmaFast o-phenylenediamine substrate. The enzymatic reac-
tion was stopped with 3 M H2SO4, and absorption was read at 490 nm.

To determine virus-neutralizing antibody levels against RABV in sera from
immunized mice, a modified rapid fluorescent focus inhibition test (RFFIT) was
performed. Briefly, RABV strain CVS-11, at a concentration to achieve an MOI
of 1 at 24 h postinfection in the negative control, was added to 3-fold serial
dilutions of sera or WHO standard in Cellgro Complete serum-free medium
(Mediatech) in 96-well plates, and the mixtures were incubated at 37°C for 1 h.
Medium was removed from 96-well plates of mouse neuroblastoma cells grown
in RPMI (Mediatech) supplemented with 10% FBS (Atlanta Biologicals) and
1% penicillin-streptomycin, and the mixtures were transferred to the cell plates.
After 24 h of incubation at 37°C, cells were fixed with 80% acetone and stained
with FITC–anti-RABV N (Fujirebio Diagnostics Inc.). The percent infected cells
per well was determined, and international units of antibody were calculated
based on the WHO standard, by which the dilution of the WHO standard that
results in a 50% tissue culture inhibitory dose for the challenge virus is equivalent
to 2 IU of neutralizing antibody.

RESULTS

Generation of RABV vaccines encoding ZEBOV GP. The
BNSP RABV vaccine vector (Fig. 1) was derived from the

FIG. 1. Virus constructs. Negative-sense RNA genomes are illus-
trated for the parental RABV vaccine constructs, BNSP (A) and
BNSP333 (B) (28), and four RABV vaccine vectors expressing Zaire
Ebola virus strain Mayinga GP with (C and D) or without RABV G (E
and F). The 333 mutation results in an Arg3Glu change at amino acid
333 of RABV G, which has been shown to greatly attenuate neuro-
virulence of RABV vaccine vectors in adult mice (28, 29). ZEBOV GP
is expressed authentically (C and E) or with the RABV GCD fused to
its ectodomain and transmembrane domain (D and F). The GCD is
depicted by a black box.

TABLE 1. �G viruses have at least a 6,000-fold reduction in
neurovirulence compared to parental RABV vaccine as

measured by the LD50 in suckling mice

Virus Dose (FFU) Survivala

(%)
Mean (� SE)

endpoint (days)

BNSP 105 0 6.9 � 0.3
103 0 7.9 � 0.2
101 10 10.2 � 0.5

BNSP333 105 0 9.4 � 0.2
103 0 9.5 � 0.2
101 20 10.5 � 1.3

BNSP333-GP 105 0 9.2 � 0.2
103 0 9.6 � 0.2
101 10 11.4 � 0.7

BNSP333-GPGCD 105 0 9.5 � 0.3
103 0 9.7 � 0.2
101 30 11.0 � 1.8

BNSP�G-GP 6 � 104 100 NA

BNSP�G-GPGCD 6 � 104 100 NA

a Five-day-old Swiss Webster mice (n � 10) were inoculated i.c. with the
indicated dose of virus and monitored for signs of encephalitis for 21 days. NA,
not applicable.
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SAD B19 vaccine strain, which was attenuated by tissue culture
passage and has been used as a live oral vaccine for wildlife in
Europe (7, 49, 50). The construct was engineered to contain a
novel RABV stop-start transcription signal sequence flanked
by unique BsiWI and NheI restriction sites between the
nucleoprotein (N) and phosphoprotein (P) genes for intro-
duction of foreign genes (29). While BNSP is avirulent after
peripheral administration in mice, it retains neurovirulence
after i.c. inoculation. Therefore, a further-attenuated deriv-
ative, BNSP333, was generated that contained an Arg3Glu
change at amino acid 333 of the RABV G (29). The 333
mutation has been shown to greatly attenuate neurovirulence
of previous RABV vaccine vectors in adult mice, so BNSP333
was chosen as the parental virus for these studies.

Two BNSP333 constructs encoding ZEBOV strain Mayinga
GP were generated (Fig. 1). BNSP333-GP encodes unmodified
ZEBOV GP, while BNSP333-GPGCD encodes the GP ectodo-
main and transmembrane domain fused to the RABV G cyto-
plasmic domain (GCD). The GCD construct was generated to
maximize the likelihood that efficient incorporation of GP into
virions would occur, which is critical for the potential devel-
opment of inactivated vaccines. Finally, two additional con-
structs were generated by the deletion of the RABV G gene,
BNSP�G-GP and BNSP�G-GPGCD. RABV G is responsible
for viral attachment and entry and a critical mediator of neu-
rovirulence (37). Therefore, deletion of G results in viruses
that are severely growth restricted and require recovery and
propagation in trans-complementing BSR cells expressing
RABV G.

Infectious virus was readily recovered by transfection of each
of the four plasmid constructs by utilizing standard methods as
described previously (29, 38). Virus yields for BNSP333-GP
and BNSP333-GPGCD exceeded 108 FFU/ml, while BNSP�
G-GP and BNSP�G-GPGCD reached virus concentrations of 106

FFU/ml, which were concentrated to 107 FFU/ml. To evaluate
the in vitro replication potential of the �G viruses, virus spread
was assessed by monitoring growth in wild-type BSR cells
and trans-complementing BSR cells expressing RABV G.
Cells were infected at a multiplicity of infection of 0.01 with
BNSP�G-GP and BNSP�G-GPGCD. After 2 days of incuba-
tion, cells were immunostained for expression of RABV N. As
expected, the RABV G-expressing cells supported efficient
virus spread, with numerous foci of infected cells apparent
(Fig. 2B and D). In contrast, infection of unmodified BSR cells
with BNSP�G-GP or BNSP�G-GPGCD resulted in a different
pattern of replication (Fig. 2A and C). Specifically, single in-
fected cells or an occasional neighboring cell were found to be
infected, indicating that these viruses were growth restricted as
intended. However, these results indicate some limited spread
of the G-deleted virus, most likely mediated by ZEBOV GP.

Expression of ZEBOV GP by recombinant RABV vaccines.
To analyze whether ZEBOV GP is efficiently expressed by
RABV vectors, BSR cells were infected at an MOI of 2 to 5
with BNSP333-GP, BNSP333-GPGCD, the G-deleted viruses
BNSP�G-GP or BNSP�G-GPGCD, or BNSP333 as a control.
As shown in Fig. 3A, BNSP333-GP, BNSP333-GPGCD, and the
G-deleted virus BNSP�G-GP expressed a protein of the ex-
pected size of ZEBOV GP as early as 24 h after infection.
Interestingly, for the G-containing viruses the signal for GP
was most prominent after 24 h and had decreased at 72 h,
potentially indicating its efficient removal with budding RABV
from the infected cell. This phenomenon was not detected
for the G-deleted virus BNSP�G-GP, potentially because of
slower growth and release of virus particles. In the case of
BNSP�G-GPGCD we detected only a very weak signal for
full-length GP after 48 h, but another prominent GP-specific
band of around 70 kDa was detected. Whereas the reason for
the failure of expression of larger amounts of GP containing
the RABV G CD is unknown for this particular virus, the low
expression level of GP is reflected by a reduced immune re-
sponse of this construct (see below and Fig. 5A and B), indi-
cating that the amount of expressed full-length GP is critical
for protection against ZEBOV challenge.

Incorporation of ZEBOV into budding RABV virions. The
utilization of killed (inactivated) virions for a dual RABV/
EBOV vaccine requires the incorporation of RABV G as well
as ZEBOV GP into budding virions. To analyze incorporation
of the ZEBOV GP protein into RABV virions, BSR cells were
infected with BNSP333, BNSP333-GP, or BNSP333-GPGCD,
and virus was isolated from the supernatants of the infected
cells by filtration and concentration followed by purification
over 20% sucrose. Viral proteins were separated by SDS-
PAGE and detected by Coomassie blue staining (Fig. 3B). The
same pattern of the RABV proteins was detected for all three
recombinant viruses, but no additional protein of the expected
size for ZEBOV GP was detected in the viral particles. The
lack of detection of GP may be due to lower incorporation
levels or to GP running as a more diffuse band than the other
RABV proteins due its heavy glycosylation. However, analysis
of the recombinant virions by Western blotting with serum
from a ZEBOV-infected rhesus monkey detected ZEBOV GP
in both BNSP333-GP and BNSP333-GPGCD particles, whereas
no signal was detected for the control RABV (BNSP333). No
differences in the amount of incorporated GP were detected,

FIG. 2. Results of the virus spread assay indicate �G viruses are
growth restricted. BSR cells (A and C) or trans-complemented BSR
cells expressing RABV G (B and D) were infected at an MOI of 0.001
with BNSP�G-GP (A and B) or BNSP�G-GPGCD (C and D). Three
days later, cells were fixed and immunostained for intracellular RABV
nucleoprotein. Fluorescence microscope magnification, �10.
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indicating no advantage of the RABV CD for incorporation of
ZEBOV GP.

The incorporation of GP into RABV virions was also as-
sessed by electron microscopy (Fig. 3C). BSR cells were in-
fected with BNSP333, BNSP333-GP, or BNSP333-GPGCD and
analyzed by dual-label immunogold electron microscopy with
anti-RABV G (15-nm gold particles) and anti-ZEBOV GP (5
nm). BNSP333 virions demonstrated characteristic bullet-
shaped structures and were only labeled by anti-RABV G, as
expected. Both BNSP333-GP and BNSP333-GPGCD virions
were also found to form a similar bullet shape. Furthermore,
each virus was found to react with anti-RABV G and anti-
ZEBOV GP antibodies. These results further confirmed that
the GP is incorporated into the RABV virion and that this
event is not dependent on the presence of the GCD, suggesting
that inactivated virions may serve as effective antigens for in-
duction of immunity to GP.

Pathogenicity of RABV vaccines expressing ZEBOV GP in
mice. BNSP333, the parent of the viruses described here, is

avirulent after peripheral and i.c. inoculation of adult mice
(29). To determine if expression of ZEBOV GP resulted in
altered virulence phenotypes in mice, we assessed pathogenic-
ity after inoculation by multiple routes (Fig. 4). Groups of
adult mice were injected with 1 � 105 to 1 � 106 FFU of the
indicated viruses by the i.m., i.n., or i.p. route. Mice were
monitored daily for 4 to 6 weeks for any clinical signs or
indications of morbidity. In addition, mice were weighed
periodically to assess general health status. No mouse inoc-
ulated with BNSP333-GP, BNSP333-GPGCD, BNSP�G-GP,
or BNSP�G-GPGCD developed any clinical signs, indicating
that expression of ZEBOV GP did not result in any unex-
pected viral virulence. Furthermore, analysis of the mean per-
cent change in weight showed no differences between groups of
mice inoculated with vehicle, BNSP, BNSP-333, or the GP-
expressing viruses (Fig. 4).

Neurovirulence was also evaluated for the vaccine candi-
dates by i.c. injection of highly susceptible suckling mice (Table
1). Five-day-old suckling mice were inoculated with serial di-
lutions of BNSP, BNSP-333, BNSP333-GP, or BNSP333-
GPGCD and monitored for signs of encephalitis for 21 days. As
expected, BNSP and BNSP-333 were lethal, as they retained
neurovirulence, and BNSP333-GP and BNSP333-GPGCD

shared a similar level of virulence. In contrast to these obser-
vations, i.c. inoculation with BNSP�G-GP or BNSP�G-
GPGCD with the highest dose possible, 6 � 104 FFU, resulted
in no clinical signs or lethality. These results indicate that the
in vitro growth restriction observed for the �G viruses greatly
attenuates neurovirulence, suggesting that they may have an
increased safety profile versus the parental RABV vaccine,
BNSP-333.

RABV vaccines expressing ZEBOV GP induce humoral im-
munity to RABV and ZEBOV in mice. To analyze the immu-
nogenicity of the GP-expressing vaccine candidates, groups of
10 mice were immunized i.m. with vehicle or 5 � 105 FFU of
BNSP, BNSP333, BNSP333-GP, BNSP333-GPGCD, BNSP�G-
GP, or BNSP�G-GPGCD. In addition, immunogenicities of
inactivated virus preparations generated by the methods used
to produce the current inactivated human RABV vaccine were
examined. Specifically, virus inactivation was performed by
treatment of virus stocks with a 1:2,000 dilution of beta-pro-
piolactone overnight at 4°C followed by 30 min of incubation at
37°C. Groups of 10 mice were immunized with 10 �g of inac-
tivated BNSP333-GP or BNSP333-GPGCD on day 0 (1 dose) or
on days 0 and 14 (2 dose). On day 30 postimmunization, serum
was isolated from immunized mice and humoral immunity was
assessed by ELISAs for RABV G and ZEBOV GP. The
results in Fig. 5A and C and B and D (independent exper-
iments of 10 mice each that were later challenged with
RABV or MA-EBOV, respectively) indicate that immuni-
zation with BNSP333-GP, BNSP333-GPGCD, or BNSP�G-GP
induced ZEBOV GP-specific antibodies in both experiments,
but the strongest immune responses were detected in sera of
mice immunized with the killed RABV particles containing
GP. BNSP�G-GPGCD induced a low GP-specific antibody re-
sponse in one experiment (Fig. 5A) but not in the second
experiment (Fig. 5B), indicating apparent weakened immuno-
genicity. RABV G-specific antibody responses were also de-
tected (Fig. 5C and D). Interestingly, differences detected for
the RABV G-specific humoral responses by ELISA were less

FIG. 3. Expression of GP by RABV vaccine constructs in vitro.
(A) Western blot analysis of GP expressed by the indicated viruses at
24 to 72 h. Infected cell lysates were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Blots were probed with poly-
clonal monkey anti-EBOV. (B) Coomassie blue-stained SDS-PAGE
gel of purified virus particles with the indicated RABV proteins. The
Western blots were probed with anti-EBOV sera or anti-RABV P sera.
(C) BSR cells were infected with the indicated viruses and analyzed by
dual-label immunogold electron microscopy. RABV G was detected by
primary rabbit anti-RABV G followed by secondary anti-rabbit IgG
labeled with 15-nm gold particles. ZEBOV GP was detected by pri-
mary human anti-GP antibody followed by secondary anti-human IgG
labeled with 5-nm gold particles. Magnification, �150,000 (BNSP333
and BNSP333-GP); �210,000 (BNSP333-GPGCD).
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pronounced but again slightly higher for killed vaccines (Fig.
5C). Sera from mice immunized with the above viruses con-
tained RABV-neutralizing antibodies in the range of 5 to 45
IU, indicating that the GP-specific antibody response did
not interfere with the development of immunity to RABV G
(Fig. 6).

RABV vaccines expressing ZEBOV GP confer protection
from RABV and ZEBOV challenge. Based on the strong im-
munogenicity induced against RABV G and ZEBOV GP, we
next examined the ability of immunization to confer protection
against virulent RABV and MA-EBOV challenge (Fig. 7). The

groups of mice for which results are shown in Fig. 5 were
challenged i.p. with 1,000 PFU of MA-EBOV on day 77
postimmunization (Fig. 5B and D) or with the highly virulent
RABV virus strain CVS-N2c on day 50 postimmunization (Fig.
5A and C). All mice were periodically weighed and monitored
for clinical signs and indicators of morbidity for 21 days.

All BNSP333-immunized and 9 out of 10 vehicle-immunized
mice succumbed to lethal MA-EBOV infection. Complete pro-
tection from MA-EBOV lethality was conferred by immuniza-
tion with BNSP�G-GP, INAC-BNSP333-GP (2 dose), INAC-
BNSP333-GPGCD (1 dose), and INAC-BNSP333-GPGCD (2

FIG. 4. RABV vaccine viruses expressing GP are avirulent in mice after peripheral inoculation. (A) Groups of five BALB/c mice were
inoculated i.m. with 5 � 105 FFU live virus on day 0 or with 10 �g inactivated virus on days 0 and 14. Data are representative of two experiments.
(B) Groups of 5 SW mice were inoculated with 1 � 105 FFU of the indicated viruses. Data are representative of two experiments. (C) Groups of
eight BALB/c mice were inoculated i.p. with 1 � 106 FFU of the indicated viruses. Mice inoculated by each route were monitored daily for signs
of morbidity and weighed periodically for the indicated time period.
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dose). In addition, BNSP333-GP, BNSP333-GPGCD, and
INAC-BNSP333-GP (1 dose) conferred 80% protection.
BNSP�G-GPGCD, which conferred the weakest level of pro-
tection, still induced 30% survival. As indicated above, this
virus did express only very small amounts of GP (Fig. 3A) and
had a lesser response by ZEBOV GP-specific ELISA (Fig. 5A
and B). Therefore, the lower level of protection was not un-

expected and correlates with the immunogenicity data. Anal-
ysis of weight loss after MA-EBOV challenge, which is an
additional indicator of vaccine efficacy, suggested that the in-
activated vaccines promoted stronger resistance to EBOV, as
weight loss was minimal over the course of challenge, partic-
ularly for INAC-BNSP333-GPGCD (Fig. 8). We also analyzed
the ZEBOV GP-specific antibody responses by ELISA after

FIG. 5. RABV vaccines expressing GP induce RABV G- and ZEBOV GP-specific antibodies. Groups of 10 BALB/c mice were immunized i.m.
with 5 � 105 FFU of indicated live virus or 10 �g of inactivated virus on day 0 (1 dose) or on days 0 and 14 (2 dose) for two independent challenge
experiments. Serum was drawn on day 30 postimmunization (blue bars) before RABV challenge (A and C) or MA-EBOV challenge (B and D),
pooled, and analyzed by ELISA directed against ZEBOV GP at a 1:200 dilution (A and B) or RABV G at a 1:300 dilution (C and D). After RABV
or MA-EBOV challenge, serum was collected, pooled, and tested in the same manner (red bars). Vehicle-Ch, mice immunized with vehicle but
not challenged; Vehicle�Ch, mice immunized with vehicle and challenged with the indicated virus.
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MA-EBOV challenge (Fig. 5B). As expected, the GP-specific
antibodies increased after challenge in all surviving mice. In-
terestingly, the increases were most prominent in the live virus-
vaccinated groups, which previously had the lowest responses,

indicating that the high levels of GP-specific antibodies in mice
immunized with the killed virions greatly restricted ZEBOV
replication.

The results of the virulent RABV challenge were equally
promising. Seven of nine vaccine preparations conferred 100%
protection (Fig. 7B), and INAC-BNSP333-GP (2 dose) con-
ferred 90% protection. BNSP333-GP conferred 60% protec-
tion. It should be noted that challenge with 5 �106 FFU
RABV CVS-N2c is a very stringent model. Analysis of RABV
G-specific antibodies after RABV challenge indicated a lim-
ited rise in levels. Taken together, these studies demonstrate
live and inactivated vaccine candidates confer complete or
substantial protection against lethal MA-EBOV and RABV
challenge, and the mechanism of protection appears to be
largely dependent on antibodies directed against EBOV GP
and RABV G, respectively.

DISCUSSION

We generated various live and killed RABV vaccines ex-
pressing ZEBOV GP and compared their GP expression,

FIG. 6. RABV vaccines expressing GP induce protective levels of
RABV G-specific neutralizing antibodies. Groups of five BALB/c mice
were immunized i.m. with 5 � 105 FFU of the indicated live virus on day
0 or with 10 �g of inactivated virus on days 0 and 14 (2 dose). Serum was
drawn on day 28 and analyzed in a RABV neutralization assay; results are
expressed as IU/ml. The 0.5-IU level is considered protective by WHO
standards.

FIG. 7. RABV vaccines expressing GP confer protection from EBOV and RABV. Two groups of 10 BALB/c mice were immunized i.m. with
5 � 105 FFU of the indicated live virus or 10 �g of inactivated virus on day 0 (1 dose) or on days 0 and 14 (2 dose). (A) On day 77
postimmunization, groups of 10 mice were challenged i.p. with 1,000 PFU of MA-EBOV. Mice were monitored for morbidity for 21 days. (B) On
day 50 postimmunization, groups of 10 mice were challenged i.m. with virulent RABV virus strain CVS-N2c and monitored for morbidity for 21
days.
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safety, immunogenicity, and protective efficacy in mice. Our
results indicate that ZEBOV GP is efficiently expressed by
RABV vectors in the presence or absence of RABV G. In
addition, GP is incorporated into RABV virions, and this in-
corporation is not dependent, or apparently enhanced, by the
addition to GP of the RABV GCD. These results are some-
what surprising, because foreign proteins have been proposed
to require addition of the GCD for RABV incorporation
(32, 33). However, Siler et al. showed that the CD of CD4
promoted efficient incorporation of hepatitis C virus E2 into
RABV virions (39). The successful incorporation of GP into
RABV particles permits the use of inactivated virions as a
means to vaccinate against ZEBOV. It also suggests that
BNSP�G-GP viruses would have the capability for limited
virus spread mediated by GP in the absence of RABV G, which
was confirmed by our in vitro findings, although the �G viruses
were completely avirulent after i.c. challenge of mice.

To initially determine the immunogenicity of our RABV/
EBOV vaccine candidates, we examined humoral immunity
against GP. Somewhat surprisingly, we found that the inacti-
vated vaccine preparations consistently induced higher levels
of GP-specific antibodies as measured by ELISA compared to

the live virus vaccines. BNSP333-GP, BNSP333-GPGCD, and
BNSP�G-GP induced low but detectable antibody responses
in two experiments, while BNSP�G-GPGCD induced detect-
able antibody levels in one of two experiments. In contrast,
INAC-BNSP333-GP and INAC-BNSP333-GPGCD induced
high levels of antibodies by a single vaccination that could be
effectively boosted with a second vaccination. The presence of
GCD appeared to confer a slight enhancement in induction of
antibody levels in the killed vaccine preparations. Importantly,
the prechallenge antibody levels in mice immunized with inac-
tivated vaccines were similar to the level observed after chal-
lenge for the single vehicle-immunized mouse that survived
MA-EBOV challenge. It is unclear why the inactivated vac-
cines induce higher levels of antibodies to GP than live virus,
but this is advantageous, since inactivated vaccines are pre-
ferred for use in humans based on enhanced safety. One ex-
planation could be that the antigen load is higher in the killed
vaccines and that the live vaccines are so attenuated upon
peripheral administration that their replication results in little
additional antigen load. Alternatively, RABV G may be ex-
pressed earlier in the G-containing viruses and interfere with
the antibody response to GP. The latter explanation is sup-

FIG. 8. Weight loss after challenge with EBOV or RABV. Two groups of 10 BALB/c mice were immunized i.m. with 5 � 105 FFU of the
indicated live virus or 10 �g of inactivated virus on day 0 (1 dose) or on days 0 and 14 (2 dose). (A) On day 77 postimmunization, groups of 10
mice were challenged i.p. with 1,000 PFU of MA-EBOV. Mice were weighed daily for 9 days and every other day until day 21. (B) On day 50
postimmunization, groups of 10 mice were challenged i.m. with virulent RABV virus strain CVS-N2C and weighed daily for 21 days.

VOL. 85, 2011 BIVALENT VACCINES AGAINST RABIES AND EBOLA VIRUSES 10613



ported by the fact that such great differences as seen for the
anti-GP humoral responses were not detected for the RABV
G-specific immune response (Fig. 5C and D). Further exami-
nation of the immune response to these killed and live vaccine
candidates is warranted.

Although humoral immunity when measured in a GP-spe-
cific ELISA appeared to be low for the live vaccine candidates,
each conferred protection from MA-EBOV that appeared
to correlate with antibody levels. BNSP333-GP, BNSP333-
GPGCD, and BNSP�G-GP induced 80 to 100% protection,
while BNSP�G-GPGCD, which did not induce detectable an-
tibody levels prior to MA-EBOV challenge, conferred 30%
protection, suggesting that an additional mediator(s) of pro-
tection may exist. It should be noted that these were single
immunizations followed by MA-EBOV challenge on day 77, so
the protection model was stringent and likely involved GP-
specific antibodies and a T-cell-dependent memory immune
response, as reflected in the increase of GP antibodies after
challenge (Fig. 5B). Inactivated vaccines also conferred com-
plete or 80% protection from MA-EBOV. Two indications
suggest that the inactivated vaccines conferred an enhanced
level of protection from MA-EBOV. First, mice immunized
with inactivated vaccine had a lower relative rise in GP-specific
antibodies after MA-EBOV challenge than mice immunized
with live vaccines. Second, vaccination with inactivated vac-
cines, particularly BNSP333-GPGCD, appeared to confer less
weight loss after MA-EBOV challenge, which is believed to be
a sign of decreased disease severity, suggesting stronger pro-
tective immunity. Nearly all vaccines also induced complete
protection from virulent RABV challenge, and the ELISA
results correlated with the observed level of protection. Inter-
estingly, both BNSP�G-GP and BNSP�G-GPGCD induced
strong levels of G-specific antibodies and protection from
RABV challenge, which is presumably mediated by the G
present in the virions supplied by the trans-complementing cell
line.

As with all vaccines and particularly live viral vaccines, the
demonstration of safety and attenuation is paramount. Our
results indicate that peripheral administration of BNSP333-
GP, BNSP333-GPGCD, BNSP�G-GP, and BNSP�G-GPGCD

to over 190 mice resulted in no morbidity or apparent clinical
signs, demonstrating that these viruses retain an attenuation
phenotype. It is important to note that while the ZEBOV
Mayinga strain, the source of GP for our RABV/EBOV vi-
ruses, is avirulent in mice and required passage and genetic
adaptation to produce MA-EBOV, the mutations responsible
for virulence in mice were localized to EBOV viral protein 24
and nucleoprotein (9). Therefore, the GP sequence used in the
vaccines studied here does have the capability to mediate dis-
ease in mice, indicating that mice are an appropriate species to
evaluate pathogenicity of the RABV/EBOV vaccine candi-
dates. Similar to the BNSP333 parent virus, BNSP333-GP and
BNSP333-GPGCD retained neurovirulence in suckling mice af-
ter i.c. inoculation, although there was no sign of increased
neurovirulence mediated by the expression of ZEBOV GP.
This level of neurovirulence may preclude the use of these live
vaccines in humans, based on experience with prior live virus
vaccines for neurovirulent viruses. In contrast, BNSP�G-GP
and BNSP�G-GPGCD were avirulent after i.c. inoculation and
at least 6,000-fold reduced for neurovirulence from BNSP333

as measured by the 50% lethal dose (LD50). As such,
BNSP�G-GP, which conferred 100% protection from RABV
and EBOV challenge, may warrant consideration for use in
humans after further study of its attenuation and immunoge-
nicity.

While the live vaccines described here have potential for use
in humans, the most expeditious route to licensure and utili-
zation of a RABV/EBOV vaccine would clearly be to pursue
inactivated vaccine candidates. RABV inactivated by beta-pro-
piolactone has been used to vaccinate humans since 1978 and
has an excellent safety record (35). The RABV/EBOV viruses
described here were inactivated by the same method as the
current human vaccine and were found to be strongly immu-
nogenic and protective after immunization with a single dose
of 10 �g. The current human vaccine is administered without
adjuvant in a compressed three-dose regimen (days 0, 7, and 21
to 28). Two inactivated RABV vaccines are currently used in
the United States; they are manufactured by Novartis Vaccines
and Diagnostics (Marburg, Germany) and Sanofi Pasteur
(Lyon, France). Several additional manufacturers serve other
markets. Based on the efficient replication of BNSP333-GP
and BNSP333-GPGCD in tissue culture and the existing man-
ufacturing process and capability of RABV vaccines, produc-
tion of inactivated RABV/EBOV would appear to be feasible
and potentially more simplified than some existing EBOV vac-
cine candidates (14). Furthermore, our combination of a de-
sired biodefense vaccine (EBOV) with limited financial incen-
tive for development because of limited market potential and
an approved and financially viable vaccine such as RABV
vaccine is a unique and potentially important factor in the
commercialization of this EBOV vaccine. It is important to
note that an inactivated RABV/EBOV vaccine would offer a
distinct advantage for use in Africa over existing EBOV vac-
cine candidates, because it would afford protection from two
diseases. The World Health Organization reports an estimated
24,000 deaths per year in Africa from RABV, and this number
is believed to be a considerable underestimate (6, 20, 37).
Therefore, use of our bivalent vaccines would offer an in-
creased return on investment in public health.

A second intriguing application of these RABV-vectored
EBOV vaccines would be their development for use in threat-
ened NHP populations, which are highly susceptible to lethal
EBOV outbreaks. Field research over the past decade has
indicated that lethal EBOV outbreaks have affected chimpan-
zee and particularly Western gorilla populations in Gabon and
the Democratic Republic of Congo (1, 23, 24, 47, 48). In fact,
it has been suggested that EBOV is contributing to the endan-
gered status of the Western gorilla and that vaccination is
needed to protect NHP populations in endemic areas (47).
With the successful history of vaccination of wildlife against
RABV by using dispersed baits containing the SAD B19 vac-
cine strain (parent virus of the RABV/EBOV vaccines de-
scribed here), one could consider using the live-attenuated
RABV/EBOV vaccines in a similar manner for protection of
NHPs in Africa from EBOV. Of note, SAD B19 was safe after
a single oral application of 1.5 � 108 FFU in 10 chimpanzees
of ages 3.5 to 8 years (54). The growth restriction, decreased
neurovirulence, and protective efficacy of BNSP�G-GP sug-
gest that it may be a lead candidate for wildlife vaccination and
offer an increased level of safety above the SAD B19 vaccine.
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The safety, stability, and efficacy of a RABV/EBOV vaccine
would require exhaustive study of the target NHP species and
in other animals that might encounter the vaccine baits. How-
ever, the introduction of SAD B19 RABV vaccine into Europe
and safe dispersal of over 70 million vaccine baits since the
1980s provide a framework for this endeavor. Inactivated
RABV/EBOV vaccines could also be considered for use in
endemic NHPs, and again, would have fewer safety concerns,
but achieving broad coverage to widely dispersed animals
would be challenging. Nevertheless, if conservation authorities
determine that vaccination of NHPs against EBOV is a nec-
essary action and appropriate resources were provided, obsta-
cles to the use of live or killed vaccines could be overcome. In
addition to the protection of threatened NHPs, vaccination of
NHP populations in endemic areas might also offer an addi-
tional, critical benefit to humans. The interaction of humans
and infected NHPs has been associated with transmission of
EBOV to humans and initiation of subsequent outbreaks, so
prevention of disease in NHPs may also serve to limit EBOV
transmission into the human population.

The studies described here demonstrate the utility and po-
tential of the RABV vaccine vector platform for development
of live and killed vaccines against ZEBOV and potentially
other hemorrhagic fever viruses or biodefense agents. Presently,
the immunogenicity and protective efficacy of the RABV/EBOV
vaccines require examination in NHPs to determine if these
candidate vaccines, particularly the inactivated vaccines, merit
evaluation in humans. Further investigation in mice or NHPs is
warranted as to the role of humoral and cellular immunity in
protection by the various vaccine candidates, in order to un-
derstand differences in the induction of immunity by replica-
tion-competent, replication-deficient, and inactivated vaccines
and correlates of immunity to EBOV. Finally, RABV vaccine
candidates encoding GP from additional EBOV species and
potentially additional hemorrhagic fever viruses will be gener-
ated to produce a multivalent, cross-protective vaccine.
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