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The recombinant vesicular stomatitis virus (rVSV) vector-based monovalent vaccine platform expressing
a filovirus glycoprotein has been demonstrated to provide protection from lethal challenge with Ebola (EBOV)
and Marburg (MARYV) viruses both prophylactically and after exposure. This platform provides protection
between heterologous strains within a species; however, protection from lethal challenge between species has
been largely unsuccessful. To determine whether the rVSV-EBOV vaccines have the potential to provide
protection against a newly emerging, phylogenetically related species, cynomolgus macaques were vaccinated
with an rVSV vaccine expressing either the glycoprotein of Zaire ebolavirus (ZEBOV) or Cote d’Ivoire ebolavirus
(CIEBOV) and then challenged with Bundibugyo ebolavirus (BEBOV), which was recently proposed as a new
EBOV species following an outbreak in Uganda in 2007. A single vaccination with the ZEBOV-specific vaccine
provided cross-protection (75% survival) against subsequent BEBOV challenge, whereas vaccination with the
CIEBOV-specific vaccine resulted in an outcome similar to mock-immunized animals (33% and 25% survival,
respectively). This demonstrates that monovalent rVSV-based vaccines may be useful against a newly emerging
species; however, heterologous protection across species remains challenging and may depend on enhancing the
immune responses either through booster immunizations or through the inclusion of multiple immunogens.

Ebola (EBOV) and Marburg (MARV) v iruses are en- frequently results in severe hemorrhagic fever in both
veloped, nonsegmented, negative-sense RNA viruses humans and nonhuman primates, with case-fatality
that belong to the family Filoviridae [1]. Infection rates as high as 90% in humans [2, 3]. Outbreaks
are geographically and temporally unpredictable but
have primarily occurred in equatorial Africa [4].

Because there are no approved options for intervention,
Potential conflicts of interest: H. F. and T. W. G. claim intellectual property

regarding monovalent vesicular stomatitis virus—based filovirus vaccines. All other
authors: no conflicts. vaccines is highly desirable.

Correspondence: Heinz Feldmann, MD, PhD, Laboratory of Virology, Rocky
Mountain Laboratories, 903 South 4th St, Hamilton, MT (feldmannh@niaid.nih.gov).
The Journal of Infectious Diseases 2011;204:51082-51089 recombinant Adenovirus (rAd), combined DNA/rAd,

the development of prophylactic and therapeutic
A number of vaccine platforms, including DNA,

Published by Oxford University Press on behalf of the Infectious Diseases Society virus-like particles (VLPs), human parainfluenza virus 3
of America 2011

0022-1899 (print)/1537-6613 (online)/2011/204S3-0045$14.00
DOI: 10.1093/infdis/jir350 (rVSV), have proven to be efficacious in nonhuman

(rHPIV3), and recombinant vesicular stomatitis virus

S1082 e JID 2011:204 (Suppl 3) e Falzarano et al



primates against EBOV and/or MARV challenge [5-11]. The viral
glycoprotein (GP) seems to be the key viral immunogen for
providing protection across divergent EBOV and MARYV strains,
as demonstrated in the DNA/rAd, rHPIV, VLP, and rVSV plat-
forms [6-8, 10, 12-14]. Current data support the hypothesis that
a vaccine that includes antigen from a single species will only be
protective against that species. Based on the close phylogenetic
relatedness of the MARV strains, it was suspected that a vaccine
based on any of the MARYV isolates might induce cross-protection
against all strains, and this has been demonstrated [8]. However,
current data suggest that there is no cross-protection between
species and genera; for example, MARV and EBOV or the dif-
ferent EBOV species (which are much more distantly related than
are the MARV strains) [7, 9]. Because there are multiple species
of EBOV, including Zaire ebolavirus (ZEBOV), Sudan ebolavirus
(SEBOV), Céte d’Ivoire ebolavirus (CIEBOV), Reston ebolavirus
(REBOV) [1], and the proposed new species Bundibugyo ebola-
virus (BEBOV) [15], this would suggest that multiple vaccines
will be required. In some cases, different species have overlapping
zones of endemicity [1, 4]; thus, there is a need for a single
vaccine that can provide protection against multiple species. To
date, there have only been 2 reports of cross-protection between
EBOV species. The first report showed that a single-injection
blended rVSV-vaccine containing ZEBOVgp, SEBOVgp, and
MARVgp provided 100% protection from subsequent CIEBOV
challenge [16], whereas the other report used multiple DNA
vaccinations (with ZEBOVgp and SEBOVgp) followed by an rAd
(ZEBOVgp) boost over the course of 1.5 years to provide pro-
tection from heterologous BEBOV challenge [17].

With the emergence of BEBOV in Uganda in 2007 [15] and
the recent sequencing of a novel virus from bats in Spain that has
been tentatively assigned to the proposed new filovirus genus
Cuevavirus [18], the continued emergence of additional filovi-
ruses seems inevitable. Furthermore, because certain fruit bat
species appear to be the reservoir for both EBOV [19] and
MARYV [20], it is likely that sporadic outbreaks will continue,
because vector control is not a viable option. A single-injection
blended vaccine (containing equal amounts of rVSVAG-
ZEBOVgp, rVSVAG-SEBOVgp, and rVSVAG-MARVgp) can
protect cynomolgus macaques against challenge with ZEBOV,
SEBOV, CIEBOV, and MARV [16], illustrating that, in princi-
ple, it should be possible to generate a pan-filovirus rVSV-based,
blended vaccine. This approach has also proven to be successful
in the rAd and VLPs platforms [10, 13, 21]; however, in the
event of a new emerging species, it is not expected that pro-
tection would necessarily be provided against this new species.
Therefore, a vaccine that provides a broader cross-protection is
still highly desired.

To determine whether monovalent rVSV vaccines against either
ZEBOV or CIEBOV are protective against a phylogenetically
closely related, proposed new EBOV species (BEBOV), cyn-
omolgus macaques were vaccinated with rVSVAG-ZEBOVgp

or rVSVAG-CIEBOVgp. These 2 candidate vaccines were chosen
on the basis of the phylogenetic relationship of their GPs [15].
Although all animals developed signs of illness consistent with
Ebola hemorrhagic fever (EHF), animals vaccinated with
rVSVAG-ZEBOVgp were partially protected (75% survival) from
BEBOV challenge. Animals vaccinated with rVSVAG-CIEBOVgp
did not appear to be similarly protected from BEBOV challenge,
because survival was not sufficiently enhanced over that of mock-
immunized animals (33% and 25% survival, respectively).

MATERIALS AND METHODS

Vaccine Vectors and Challenge Virus

rVSV vectors containing the GP of either ZEBOV, strain Mayinga,
or CIEBOV, strain Cote d’Ivoire, were generated as previously
described [22, 23] using the infectious clone system lacking the
VSV glycoprotein (g) gene (rVSVAG) for VSV, serotype Indiana
(kindly provided by Jack Rose, Yale University). The open reading
frames for the EBOV GPs were generated by polymerase chain
reaction (PCR) and cloned into the VSV genomic vectors. In-
sertion was confirmed by sequencing, and the recombinant vi-
ruses (rVSVAG-ZEBOVgp and rVSVAG-CIEBOVgp) were
rescued as previously described [7, 22]. BEBOV, strain 200706291,
was isolated from a patient during an outbreak in western Uganda
in 2007 [15] and was subsequently obtained from the Centers for
Disease Control and Prevention (Atlanta, GA).

Pilot Study

Prior to the vaccination study, 4 cynomolgus macaques (Macaca
fascicularis) (female adults, 4-7 kg) were used to determine
whether BEBOV resulted in a lethal infection. Two animals were
infected intramuscularly (i.m.) with either 1000 or 10000 50%
tissue culture infective dose (TCID5,) of BEBOV in 2 anatomical
locations (left and right caudal thigh). Animals were checked
twice daily for clinical signs of disease following challenge. The
humane endpoint for euthanasia was determined using an ap-
proved clinical score sheet.

Vaccination and Challenge

Twelve cynomolgus macaques (M. fascicularis) (adult, 4-7 kg,
male and female) were randomly assigned to one of three groups
and received either 2 X 107 plaque-forming units (PFUs) of
rVSVAG-ZEBOVgp, 2 X 10° PFUs of r'VSVAG-CIEBOVgp or the
identical volume of Dulbecco’s Modified Eagle medium (DMEM)
(Sigma) by im. injection in the left and right caudal thigh. Fol-
lowing immunization, one of the animals in the rVSVAG-CIE-
BOVgp group had to be euthanized due to an unrelated medical
condition. Twenty-eight days after vaccination the animals were
challenged with a total of 10 000 TCID5, of BEBOV i.m. in the left
and right caudal thigh. The animals were checked twice daily for
clinical signs of disease using an established clinical score sheet.
Clinical examinations were performed on anaesthetized animals
on days 0, 3, 7, 10, 14, 17, 21 and 28 after infection; at the same
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time points, animals were bled, and swab samples (rectal, nasal,
and throat samples) were taken. The humane endpoint for eu-
thanasia was determined using an approved clinical score sheet.

Virus Detection

RNA was isolated from nonhuman primate blood and swab
samples with the RNA mini kit (Qiagen). BEBOV RNA was
detected using the Lightcycler 480 RNA Masterhydrolysis kit
(Roche) with primers (F 5'-TGAAGCCCCTGAGGGTGTAA-3’,
R 5'-CCCTGTTCCAGAAACCTTGTG-3")/MGB-probe (5'-A
GGCTTCCCTCGCTGCCGTTATG-3") targeting the GP gene.
A TCIDs, assay was performed as previously described [7].
Briefly, 10-fold serial dilutions of virus stock or clinical material
were prepared and used to infect Vero E6 cells. Cells were
monitored daily for cytopathic effect using light microscopy.

Clinical Chemistry, Hematology and Coagulation Analysis

Total white blood cell counts, red blood cell counts, platelet
counts, hematocrit values, total hemoglobin concentration, mean
cell volumes, mean corpuscular values and mean corpuscular
hemoglobin concentrations were determined from blood samples
that were collected in tubes containing ethylenediaminetetraacetic
acid on the Vet ABC (Scil) according to the manufacturer’s in-
structions. The concentrations of albumin, amylase, alanine
aminotransferase (ALT), alkaline phosphatase (ALP), glucose,
total protein, total bilirubin, blood urea nitrogen (BUN), globu-
lin, sodium, potassium, calcium, phosphorus and creatinine from
serum samples were determined on the VetScan VS2 (Abaxis).
Prothrombin (PT)
(aPTT) times were determined from citrated plasma on the Stago

and activated partial thromboplastin
StArt4 coagulation analyzer with the Neoplastine CL Plus and
PTT Automate kits (Diagnostica Stago) according to the
manufacturer’s instructions.

Serological Testing

Serum samples were collected at the indicated points during ex-
aminations and stored at —80°C until analyzed as previously
described [24]. Briefly, 96-well plates (Nunc) were coated with
1 pg/mL of recombinant purified ZEBOV, CIEBOV, or BEBOV
GP;,atMm (soluble GP, lacking the transmembrane domain).
Serum samples were assayed at 4-fold dilutions starting at 1/100
in 5% nonfat milk in phosphate-buffered saline. Wells were
washed and incubated with anti-monkey immunoglobulin (Ig)
G-horseradish peroxidase (KPL) at 1/1000 dilution. Wells were
washed and incubated with the 2,2"-azine-di(3-ethylbenzthiazo-
line-6-sulfonate) peroxidase substrate system (KPL) and read at
405 nm on a plate reader.

Animal Work and Biosafety

The animal study protocol was approved by the Canadian Sci-
ence Centre for Human and Animal Health Animal Care
Committee. All procedures involving animals were performed
by trained personnel according to the guidelines of the Canadian

Council on Animal Care in certified facilities. All infectious in
vitro and in vivo work was conducted in the Biosafety Level 4
facilities at the National Microbiology Laboratory of the Public
Health Agency of Canada (Winnipeg, MB).

RESULTS

Pilot Study

At the time of the study, BEBOV had just recently emerged and
was proposed as a new species in the genus Ebolavirus [15]; thus,
there were no data on the outcome of infection in any animal
model. Therefore, a pilot study was undertaken to determine
whether BEBOV infection of cynomolgus macaques was lethal.
Following infection, some animals developed clinical parameters
consistent with EHF (elevated PT, aPTT, ALT, ALP, and BUN
levels and decreased albumin levels and total protein). One animal
in each group (1000 and 10 000 TCIDs,) developed peak viremia
levels between 10> and 10° TCIDso/mL and had to be euthanized
with severe signs of EHF on day 11 after infection (data not
shown). The second animal in the 1000 TCIDs, group never
developed any detectable viremia, developed only mild clinical
symptoms (transient elevated temperature), and survived. The
second animal in the 10000 TCIDs, group showed peak viremia
of 10* TCIDsy/mL and developed a moderate EHF course. The
animal then cleared viremia but simultaneously started to develop
neurological symptoms, which finally lead to euthanasia. Overall,
both challenge doses did not result in uniform lethality or typical
signs of EHF; thus, the comparatively lower lethality in the cyn-
omolgus macaque model might reflect the lower case fatality rate
reported during the outbreak in Uganda [15].

Cross-protection Study

To evaluate the potential of the rVSV-EBOV platform to provide
protection against a new emerging EBOV species, animals were
vaccinated with either rVSVAG-ZEBOVgp or rVSVAG-
CIEBOVgp and subsequently challenged with 10,000 TCIDs, of
BEBOV. All cynomolgus macaques vaccinated with either
rVSVAG-ZEBOVgp or rVSVAG-CIEBOVgp did not show any
signs of illness or distress following vaccination. This is consis-
tent with previous studies in which no adverse effects were
observed when nonhuman primates were vaccinated with rVSV-
based vectors [9]. The cause of death for the 1 animal in the
rVSVAG-CIEBOVgp—vaccinated group was considered to be
unrelated to vaccination and was probably due to a tumor that
was discovered at the subsequent necropsy. Following BEBOV
challenge, 3 of 4 rVSVAG-ZEBOVgp—vaccinated animals sur-
vived (75% survival), whereas only 1 of 3 rVSVAG-CIEBOVgp—
vaccinated animals (33% survival) and 1 of 4 mock-immunized
control animals survived (25% survival) (Figure 1A). This
indicates partial protection against disease induced by the
rVSVAG-ZEBOVgp vector, with little or no protection follow-
ing vaccination with the rVSVAG-CIEBOVgp vector.
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Figure 1. Outcomes of cynomolgus macaques challenged with
Bundibugyo ebolavirus (BEBQOV). A, Kaplan-Meier survival curve for
cynomolgus macaques vaccinated with sesicular stomatitis virus, lacking
its glycoprotein gene (VSVAG) containing the Zaire ebolavirus
glycoprotein (VSVAG-ZEBOVgp), VSVAG containing the Céte d'Ivoire
ebolavirus glycoprotein (VSVAG-CIEBOVgp), or Dulbecco's modified Eagle
medium (DMEM) and subsequently challenged with BEBOV on day 28
after vaccination. B, Mean clinical score following BEBOV challenge.

Following BEBOV infection, all animals developed clinical
signs consistent with mild, moderate, or severe EHF. Although all
animals had clinical scores above baseline following BEBOV in-
fection, the rVSVAG-ZEBOVgp—vaccinated animals had overall
lower scores than those in the other 2 groups and returned to
baseline the quickest (Figure 1B). The onset of clinical score
occurred first in the rVSVAG-CIEBOVgp—vaccinated animals,
whereas the onset in the other 2 groups was comparable. Fol-
lowing the earlier onset of disease in the rVSVAG-CIEBOVgp—
vaccinated animals, there was no substantial difference in clinical
scores between these animals and the mock-immunized control
animals, again indicating a benefit of vaccination only for the
rVSVAG-ZEBOVgp—vaccinated group (Figure 1A and B).

Hematology and blood chemistry revealed a decrease in red
blood cell and platelet counts as well as in hemoglobin and
hematocrit values following BEBOV infection in all animals;
however, in survivors, these values returned to prechallenge

levels by the final sampling day (Figure 2A; data not shown). All
animals showed decreased serum levels of albumin and total
protein, whereas alkaline phosphatase and alanine aminotrans-
ferase levels were increased (Figure 2B and C; data not shown).
Large increases in blood urea nitrogen and creatinine were ob-
served in r'VSVAG-CIEBOVgp and control animals, whereas the
increase in these parameters was attenuated in rVSVAG-
ZEBOVgp animals (Figure 2D; data not shown). Most animals
showed alterations in coagulation, but these changes were less
severe than those observed during ZEBOV infection [2, 3]. Three
of 4 rVSVAG-ZEBOVgp-vaccinated animals developed prolonged
PT and aPTT values, and all 3 rVSVAG-CIEBOVgp-vaccinated
animals showed prolongation in PT and aPTT values, whereas 3 of
4 control animals developed prolonged PT and all control animals
developed prolonged aPTT values (Figure 2E and F). In correla-
tion with the blood chemistry data, the onset of coagulation ab-
normalities was slightly delayed in DMEM control animals.

The results of quantitative real-time reverse-transcription
PCR (RT-PCR) (Figure 3A) performed on blood specimens
indicated that all animals developed BEBOV viremia and that
sterile protection was not achieved through immunization
(Figure 3). All groups showed near-equivalent levels of genome
copies in blood specimens on the initial day for which specimens
were analyzed (day 3). Overall, mock-immunized animals had
the highest levels and longest durations of viral RNA in their
blood (Figure 3A). rVSVAG-ZEBOVgp—vaccinated animals
cleared viremia the fastest, whereas the single surviving animal
in the r'VSVAG-CIEBOVgp—vaccinated group cleared viremia at
a time similar to that at which the single surviving control an-
imal cleared viremia. rVSVAG-ZEBOVgp—vaccinated animals
showed lower levels of BEBOV viremia, as did the other sur-
viving animals. Overall, viremia levels in mock-immunized
controls and nonprotected vaccinated animals were lower than
those reported from ZEBOV infections [2, 3]; however, viremia
above 10* genome copies/mL at peak times usually correlated
with severe disease progression.

Vaccinated animals showed a shorter duration and lower
levels of viral RNA in rectal, nasal, and throat swab samples
(Figure 3B and C; data on nasal swab samples not shown). As
observed in the blood, rVSV-ZEBOVgp-vaccinated animals
were negative for viral genomes in the swab samples earlier
than were the other 2 groups. Overall, control animals showed
the highest levels of viral RNA in all samples and at all time
points. For most time points, the rVSVAG-ZEBOVgp-
vaccinated animals, compared with control animals, had viral
genome copy levels that were 1 to 2 logs lower in clinical
specimens, supporting the cross-protective potential of this
rVSV vector and indicating less potential for virus shedding and
transmission.

All VSV-vaccinated animals developed an IgG titer against
the EBOV GP that was included in the vaccine construct
(Figure 4A). The mean reciprocal titer of VSVAG-ZEBOVgp
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Figure 2. Clinical blood chemistry, blood counts, and coagulation analysis of cynomolgus macaques challenged with Bundibugyo ebolavirus (BEBOV).
Whole blood, serum, and plasma samples were collected at the indicated time points and the mean levels of (A) platelets, (B) alanine aminotransferase
(ALT), (C) albumin, (D) blood urea nitrogen (BUN), (£) prothrombin time (PT), and (F) activated partial thromboplastin time (aPTT) were determined.

—vaccinated animals at 3 days after challenge was 25 600,
whereas VSVAG-CIEBOVgp—vaccinated animals had markedly
lower titers, with a mean reciprocal titer of 1200 (Figure 4A).
There was no correlation between survival and antibody titer in
vaccinated animals. Two of 4 VSVAG-ZEBOVgp-vaccinated
animals and all 3 VSVAG-CIEBOVgp-vaccinated animals de-
veloped antibodies that cross-reacted with the BEBOV GP an-
tigen, with mean reciprocal titers of 800 and 3200, respectively
(Figure 4B). Following BEBOV challenge (at the time of
euthanasia), all vaccinated animals had developed increased
antibody titers to the BEBOV GP antigen, but titers in the
VSVAG-CIEBOVgp-vaccinated animals
higher (mean reciprocal titer of 25600) than were titers in the

were  significantly
VSVAG-ZEBOVgp—vaccinated animals (mean reciprocal titer of
1600) (Figure 4B). The DMEM control animals did not develop
any antibody response to the BEBOV GP antigen, with the ex-
ception of the 1 surviving animal, which showed a reciprocal
titer of 1600 at the time of euthanasia.

DISCUSSION

Infection of cynomolgus macaques with BEBOV leads to the
development of a viral hemorrhagic fever with clinical signs
comparable to those associated with infection due to other
EBOV species, with the exception of 1 animal in the pilot study
that developed neurological signs following what appeared to be
mild EHF. However, BEBOV infection is not uniformly lethal;
there was a 50% survival rate in the pilot study. Therefore, we
used a challenge dose that was an order of magnitude higher
(10000 TCIDs) than that used in previous studies with other
filovirus species. When all studies using this BEBOV isolate are
combined (our pilot study, this vaccine study [which had 25%
survival], and another study [which had 25% survival [17]]),
BEBOV infection alone has resulted in the survival of 4 of 12
cynomolgus macaques (33% survival). As with any drug or
vaccine efficacy studies that use low numbers of animals per
treatment group, this low lethality in the cynomolgus macaque
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Figure 3. Genome copies of Bundibugyo ebolavirus (BEBOV) in samples
from BEBOV-challenged cynomolgus macaques. Blood (A), rectal (B), and
throat (C) swab samples were obtained at the time point indicated, total RNA
was extracted, quantitative real-time reverse-transcription polymerase chain
reaction was performed, and genome copies were calculated. Survivors are
indicated by a closed box, whereas animals that were euthanized due to
clinical score are indicated by an open box. Data points along the x-axis
represent surviving animals that did not have detectable viremia. (VSVAG-
ZEBOVgp), vesicular stomatitis virus lacking its glycoprotein gene, containing
the Zaire ebolavirus glycoprotein; (VSVAG-CIEBOVgp), vesicular stomatitis
virus lacking its glycopratein gene, containing the Céte d'lvoire ebolavirus
glycoprotein; DMEM, Dulbecco's modified Eagle medium.

model calls for caution when drawing conclusions. Certainly this
model needs further investigation, including evaluation of the
potential for atypical clinical symptoms, as were observed in 1 of
the animals in the pilot study.

Although protection induced by rVSVAG-ZEBOVgp against
BEBOV was incomplete (75% survival), it was considerably
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Figure 4. Antibody response in cynomolgus macaques following
vesicular stomatitis virus (VSV)-based vaccination and Bundibugyo
ebolavirus (BEBQOV) infection. The reciprocal endpoint immunoglobulin
(Ig) G titer from serum samples was determined against (A) the
Ebola virus glycoprotein (GP) delivered by the vaccine (Zaire ebolavirus
[ZEBOV] GP for animals vaccinated with vesicular stomatitis virus lacking
its glycoprotein [VSVAG] containing ZEBOVgp [VSVAG-ZEBOVgp] or
VSVAG containing Cote d'lvoire ebolavirus (CIEBOV) GP [VSVAG-
CIEBOVgp] and Dulbecco's modified Eagle medium [DMEM]-treated
animals) at 3 days after BEBOV infection and (B) BEBOV GP at 3 days after
BEBOV infection and on the day of euthanasia (Euth). Survivors are
indicated by a closed box, whereas animals that were euthanized due to
clinical score are indicated by an open box. No titer was detected in
DMEM-vaccinated animals against ZEBOV GP (data not shown).

higher than that in the control and rVSVAG-CIEBOVgp—
vaccinated animals. This suggests that the rVSVAG-ZEBOVgp
vaccine indeed induced cross-protection against BEBOV; how-
ever, they were not protected from disease. In previous studies,
successfully vaccinated animals typically did not show changes
in blood chemistry or hematological findings [9], whereas, in
this study, all animals had blood chemistry results that showed
pathophysiologic parameters (eg, elevated liver enzymes)
(Figure 2). This indicates that, regardless of survival, pathological
processes occur following infection. In contrast to homologous
vaccination and challenge studies, all vaccinated animals in our
study had detectable viremia (Figure 3A). This is in contract to
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previous studies where rVSV-vaccinated macaques that were
protected from challenge showed no evidence of EBOV or
MARYV viremia by virus isolation and/or RT-PCR [7, 8, 16, 25].
In the only other successful demonstration of cross-protection
using the rVSV platform, a blended vaccine containing equal
amounts of rVSVAG-ZEBOVgp, rVSVAG-SEBOVgp, and
rVSVAG-MARVgp resulted in complete protection from CIE-
BOV challenge [16]. Although CIEBOV infection alone resulted
in 40% survival, animals vaccinated with the blended vaccine did
not show any clinical signs of disease nor changes in blood
chemistry or hematological test results [16], which suggests that
this approach also resulted in protection from disease. In this
study, it is possible that the higher challenge dose, combined with
a heterologous vaccination, results in lower efficacy of the vaccine
than would be seen with a lower challenge dose.

The only other EBOV vaccine platform to also demonstrate
cross-protection involved a multiple DNA prime, rAd5 boost
vaccination strategy that included both ZEBOV and SEBOV GP
over the course of 1.5 years. Although 100% survival was ob-
served following BEBOV challenge, viremia and clinical disease
were noted in some of the animals [17]. This suggests that,
despite evidence of cross-protection (eg, survival), there is def-
initely an absence of sterilizing immunity following cross-species
heterologous challenge. Furthermore, this study used a lower
challenge dose, which may result in enhanced survival of
the vaccinated group, despite having the identical survival in the
control group. To date, nearly all vaccination and challenge
studies with the rVSV platform have involved a single vaccina-
tion [7, 8, 16, 25-27]; however, recent data suggest that the
addition of an rVSV boost following the initial vaccination en-
hances cross-protection in the ZEBOV guinea pig model [23].
As an emergency intervention, a long-duration vaccination and
boost schedule is of little use, whereas a rapid-acting (ie, acting
following a single vaccination) vaccine that, in addition, would
show enhanced efficacy or cross-protection following a booster
dose would be highly desirable. Future studies should address
whether a booster vaccination with the rVSV platform would
enhance cross-protection.

It has been previously reported that survival of CIEBOV in-
fection was protective against subsequent ZEBOV or SEBOV
challenge [16]. One hypothesis is that CIEBOV may provide
cross-protection against other EBOV species. In contrast,
rVSVAG-CIEBOVgp—vaccinated animals in this study had an
outcome that was similar to that of mock-vaccinated animals,
which suggests that there was no or limited cross-protection
between CIEBOV and BEBOV. This was somewhat surprising,
specifically in regards to BEBOV challenge, because BEBOV and
CIEBOV GPs have the greatest phylogenetic similarity. Because
the correlates of immunity are still not well defined, it is difficult
to postulate why a more distantly related species would provide
cross-protection when a more closely related species does not. It
is possible that there are shared antigenic epitopes (B and/or

T cell) between ZEBOV and BEBOV or that rVSVAG-ZEBOVgp
is a better immunogen (ie, has higher expression of the GP) than
rVSVAG-CIEBOVgp. The difference in IgG titers against the
vaccine antigen (Figure 4A) suggests that this may be a possibil-
ity. It is currently unknown why one vaccine construct would be
more immunogenic than the other; however, this would explain
why the ZEBOV-based vaccine provided greater protection.
Moreover, it has not been determined whether rVSVAG-CIE-
BOVgp alone provides protection against homologous challenge.
At time of euthanasia, all vaccinated animals had an increase in
titer, which suggests that replication of a heterologous virus (in
this case, BEBOV) boosts the immune response that is primed by
the vaccine. However, the IgG titers are not substantially in-
creased in r'VSVAG-ZEBOVgp-vaccinated animals (Figure 4B),
which indicates that these animals are better able to control in-
fection, which correlates with vaccine efficacy (Figure 1A).

An alternative hypothesis for survival of heterologous chal-
lenge following CIEBOV infection is that, in the absence of
vaccination, survival of infection results in an immune response
against multiple viral antigens. Subsequent challenge with
a heterologous virus (eg, ZEBOV) results in cross-protection
because of the more diverse immune response. This is also in
accordance with previous results in which vaccinated animals
that survived homologous challenge did not survive heterolo-
gous back-challenge [7], because vaccination results in steriliz-
ing immunity, and an immune response against additional viral
antigens is likely not generated. This is further supported by data
from Marzi et al [23], who reported that guinea pigs that
survived wild-type virus infection with different EBOV species
were protected from lethal heterologous back-challenge with
guinea pig—adapted ZEBOV.

Interestingly, 2 animals that were vaccinated (1 with VSVAG-
CIEBOVgp and 1 with VSVAG-ZEBOVgp) but did not survive
succumbed to disease earlier than did unvaccinated control an-
imals (Figure 1A). Antibody-dependent enhancement has been
suggested as a mechanism of pathogenesis during EHF [28, 29],
and it is possible that development of antibodies that cross-react
with BEBOV may actually enhance infection. Cross-reactive
antibody titers against BEBOV GP were higher in rVSVAG-
CIEBOVgp-vaccinated animals following vaccination, which
suggests that this is a possibility. Future vaccination campaigns
may have to keep this in mind in areas where infection with >1
species of EBOV is possible.

Although the possibility of cross-protection between EBOV
species is encouraging for future vaccine development (ie, there
is the possibility of providing protection against a new emerging
species), this protection is far from complete and may have to be
taken in the context of the pathogenicity of the challenge viruses.
For example, compared with ZEBOV and SEBOV, BEBOV
appears to be less virulent. This is indicated by the comparably
low (25%) case-fatality rate in humans [15]; the inability of
BEBOV to cause 100% lethality in the cynomolgus macaque
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model (as demonstrated in our study and [17]); and its lower
level of replication, its reduced ability to stimulate proin-
flammatory cytokines, and the delayed death of macrophages
in human peripheral blood mononuclear cells in vitro [30].
Together, this indicates that the ability of the rVSV platform, as
well as of other vaccine platforms, to provide cross-protection
may be somewhat limited, because such cross-protection has
only been demonstrated in the case of BEBOV and CIEBOV
challenge. However, because the rVSV platform has been dem-
onstrated to have the potential to be reused [16], upon the
emergence of a new species of EBOV, this platform could be-
rapidly adapted to include the GP from the new species and
be used in subsequent vaccination campaigns, thus providing
enhanced protection against an emerging virus.
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