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ABSTRACT

The devastating Ebola virus (EBOV) epidemic in West Africa in 2013-2016 accelerated the progress of
several vaccines and antivirals through clinical trials, including the replication-competent vesicular
stomatitis virus-based vaccine expressing the EBOV glycoprotein (VSV-EBOV). Extensive preclinical testing
in animal models demonstrated the prophylactic and post-exposure efficacy of this vaccine, identified the
mechanism of protection, and suggested it was safe for human use. Based on these data, VSV-EBOV was
extensively tested in phase 1-3 clinical trials in North America, Europe and Africa. Although some side
effects of vaccination were observed, these clinical trials showed that the VSV-EBOV was safe and
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immunogenic in humans. Moreover, the data supported the use of VSV-EBOV as an emergency vaccine in
individuals at risk for Ebola virus disease. In this review, we summarize the results of the extensive

preclinical and clinical testing of the VSV-EBOV vaccine.

Introduction

Although development of vaccines and antivirals for Ebola virus
(EBOV) has been a long-standing goal for many researchers,
progress towards a licensed vaccine accelerated in response to
the devastating EBOV epidemic in West Africa in 2013-2016.
Many vaccine candidates underwent preclinical testing in various
animal models, and several entered clinical trials." The perfor-
mance in preclinical tests of the recombinant vesicular stomatitis
virus-based vaccine (VSV-EBOV, also known as rVSV-ZEBOV)
supported its progress through phase 1-3 clinical trials.

VSV, a member of the Rhabdoviridae family, is a non-seg-
mented, single-stranded, negative-sense RNA virus encoding
five genes. The virus can cause transient disease in livestock
and can occasionally infect humans who work in close proxim-
ity to animals. However, human infections are asymptomatic
or at most result in a mild, transient illness.”> VSV was among
the first negative-sense RNA viruses to be generated from
cloned cDNA, and its small genome and amenability to genetic
manipulation make VSV conducive to use as an expression vec-
tor for foreign proteins.>* In addition to the ability to express
foreign antigens, other features of VSV contribute to its suit-
ability as a vaccine platform. The virus can be propagated in a
wide variety of mammalian cells, where it grows to high titers,
and it elicits strong immune responses in vivo.

Early studies with recombinant VSV vaccines in mice
resulted in signs of disease after vaccination, indicating
that attenuation of the vaccine vector was necessary.* Mul-
tiple strategies have been developed to achieve attenuation
of the VSV wvaccine vector, including truncation of the
cytoplasmic tail of the VSV glycoprotein (G) to reduce

virulence, as well as modification of other structural pro-
teins.”® Alternatively, when the antigen expressed is a gly-
coprotein that facilitates cell entry, removal and
replacement of VSV G with a different viral glycoprotein
can occur while preserving the immunogenicity of a repli-
cation-competent vector.” This strategy has proven effective
for the VSV-EBOV vaccine, in which the EBOV glycopro-
tein (GP) is inserted into a VSV vector from which the G
open reading frame is deleted (VSV-AG), resulting in a
replication-competent virus particle exhibiting rhabdovirus
morphology with EBOV GP expressed on its surface
(Fig. 1). Here, we summarize the results of the extensive
preclinical testing in animal models (reviewed in®°) of the
VSV-EBOV vaccine, as well as the results of phase 1-3
clinical trials and discuss the potential use of VSV-based
vaccines in outbreak situations.

Proof of concept

Following successful mouse studies,” the efficacy of VSV-EBOV
was first demonstrated in cynomolgus macaques in 2005, which
are considered the gold standard model for filovirus infection.
Intramuscular inoculation with 107 plaque-forming-units (PFU)
of VSV-EBOV did not result in signs of disease, but a transient
vaccine viremia was detected shortly after vaccination. When
challenged intramuscularly with a lethal dose of 1,000 PFU of
EBOV 28 days after vaccination, animals were completely pro-
tected, with no disease signs and no challenge virus viremia
detectable."” Vaccination with VSV-EBOV also protected cyno-
molgus macaques from lethal challenge via the aerosol route.""
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Figure 1. Preclinical testing of the VSV-EBOV vaccine in animal models. Recombinant VSV particles expressing the EBOV GP are produced from a ¢DNA clone of the VSV
genome in which the VSV G is replaced with EBOV GP. The resulting vaccine has been tested in different animal models to assess protective prophylactic efficacy, time to
immunity, post-exposure efficacy, cross-protection potential, as well as providing insight into the mechanism of protection.

In the mouse model of EBOV, using mouse-adapted EBOV
(MA-EBOV), mice were completely protected from lethal chal-
lenge 28 days after intramuscular, intraperitoneal, or intranasal
vaccination with VSV-EBOV."> Cynomolgus macaques vacci-
nated intranasally or orally with VSV-EBOV were also fully pro-
tected from lethal EBOV challenge, suggesting that efficacy of the
vaccine is not dependent on the route of administration."”

Rodent models were further used to determine the durability
of the immune response to VSV-EBOV. Mice were 100% pro-
tected from lethal challenge up to 9 months after vaccination
with VSV-EBOV,'>'* and guinea pigs were protected up to 18
months after vaccination,'* suggesting that the antigen-specific
immune response is quite durable after vaccination.

Experiments in cynomolgus macaques with impaired
immune responses due to simian-human immunodeficiency
virus infection or depletion of CD4+ or CD8+ T cells showed
that CD4+ but not CD8+ T cells were required at the time of
vaccination for protection, indicating that VSV-EBOV-medi-
ated protection is mainly a result of the production of EBOV
GP-specific antibodies, rather than T cell immunity.'>'®

Peri-exposure efficacy

After proving the pre-exposure efficacy of the VSV-EBOV vac-
cine, follow-up studies were performed to assess the potential of
VSV-EBOV as an emergency vaccine, either shortly before or after
exposure to EBOV. Mice were fully protected from death and dis-
ease when vaccinated as shortly as 24 hours before challenge with
MA-EBOV and exhibited only mild disease when treated up to

24 hours post challenge.'” In guinea pigs, partial protection from
lethal challenge with guinea pig-adapted EBOV (GPA-EBOV)
was observed when animals were vaccinated 24 hours prior to
challenge, 1 hour post challenge, or 24 hours post challenge (66%,
83%, and 50% survival, respectively)."” Hamsters vaccinated up to
3 days prior to challenge with MA-EBOV were fully protected
and generated high antibody titers without displaying clinical
signs of disease. In a post-exposure study, all hamsters in the
groups treated immediately or 24 hours after challenge survived,
while all hamsters treated 48 hours after challenge succumbed to
MA-EBOV infection.'®

Rhesus macaques inoculated with VSV-EBOV 20 to
30 minutes after lethal EBOV challenge developed febrile ill-
ness, yet 50% of the animals survived, demonstrating partial
post-exposure efficacy of VSV-EBOV in nonhuman pri-
mates.'”” Control animals treated with the VSV-Marburg
virus (VSV-MARYV) vaccine were not protected from lethal
disease. 7 Post-exposure efficacy of the VSV-EBOV vaccine
against EBOV-Makona, the EBOV strain causing the 2013-
2016 West African epidemic, was shown in rhesus macaques,
where 50% of animals survived lethal challenge when treated
with VSV-EBOV at 1 and/or 24 hours post challenge. In
contrast to the post-exposure study, partial survival was also
observed in the group of animals treated twice with a control
vaccine, the VSV-MARV vaccine, and challenged with
EBOV-Makona, again indicating that the mechanism of a
short time to protection was most likely based on a non-spe-
cific induction of the innate immune system by VSV rather
than an antigen-specific response."’



Another study prompted by the 2013-2016 EBOV epidemic
examined the time to immunity of VSV-EBOV in cynomolgus
macaques using the West African EBOV-Makona strain as chal-
lenge virus and found that vaccination as late as 7 days prior to
lethal challenge elicited complete protection, while 2 out of 3
animals were protected when vaccinated only 3 days before
challenge.”® Based on the absence of antigen-specific antibody
responses in the animals vaccinated 3 days before challenge,
protection in this group was most likely based on activation of
the innate immune response by VSV-EBOV vaccination, pro-
viding short-term protection for the duration necessary to
develop an EBOV-specific adaptive immune response. This
study clearly demonstrated the feasibility of using the VSV-
EBOV vaccine in outbreak situations where a short time to pro-
tection is essential to aid in reducing transmission of the virus.

Cross-protection

Cross-protection of the VSV-EBOV vaccine within the Zaire
ebolavirus species was shown in several studies where animals
were vaccinated and subsequently challenged with heterologous
strains.'”"? Importantly, it was shown that vaccination of cyno-
molgus macaques with a VSV-EBOV vaccine expressing the
GP from the EBOV-Kikwit strain, isolated during the 1995
EBOV outbreak in Kikwit, Democratic Republic of the
Congo,”' that was subsequently used in clinical trials resulted
in complete protection from lethal challenge with the EBOV-
Makona strain isolated during the West African EBOV epi-
demic.”® Thus, the currently available VSV-EBOV vaccine will
likely be protective in future EBOV outbreaks.

The cross-protective ability of VSV vectors between differ-
ent Ebolavirus species (Bundibugyo, Tai Forest, Reston, or
Sudan ebolavirus) was examined in rodent models. In mice,
vaccination with VSV vectors expressing the Tai Forest virus
(TAFV), or Reston virus (RESTV) GP were completely pro-
tected from MA-EBOV challenge; moreover, 75% of animals
receiving a VSV expressing the Sudan virus (SUDV) GP sur-
vived. In contrast, there was no cross-species protection in
guinea pigs immunized with VSV-based vaccines bearing the
GPs of Bundibugyo virus (BDBV), TAFV, RESTV, or SUDV
when challenged with guinea pig-adapted EBOV.** However,
vaccination of cynomolgus macaques with VSV-EBOV resulted
in partial protection against BDBV infection®® and vaccination
with VSV-EBOV in a prime-boost regimen resulted in com-
plete protection against BDBV.>* Taken together, there is lim-
ited interspecies cross-protection afforded by the VSV-EBOV
vaccine; efficient cross-species protection will most likely
require different approaches such as blending of several mono-
valent VSV vaccine vectors expressing the glycoproteins of dif-
terent Ebolavirus species, expression of additional viral proteins
from a multivalent VSV-EBOV vector, or expression of differ-
ent ebolavirus GPs from a multivalent VSV vector.*>*>2¢

Pre-existing immunity

With the successful development of VSV-based vaccines
against highly pathogenic viruses with geographically overlap-
ping endemic areas, such as the VSV-EBOV and a VSV-based
vaccine expressing the Lassa virus (LASV) glycoproteins
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(VSV-LASV),””?® the effect of pre-existing immunity to the
vaccine vector on vaccine efficacy became a concern. To assess
the effect of pre-existing immunity to the VSV vector, cyno-
molgus macaques previously vaccinated with VSV-LASV and
challenged with LASV were vaccinated with VSV-EBOV 3
months after LASV challenge, and challenged with a lethal
dose of EBOV. Despite high VSV-specific antibody titers at
the time of vaccination with VSV-EBOV, the animals pro-
duced EBOV GP-specific antibodies and were completely pro-
tected from lethal EBOV challenge.”® Thus, the presence of
antibodies specific to the VSV vector did not influence protec-
tive efficacy of later VSV-based vaccination, indicating that
consecutive VSV-based vaccines can be used effectively in the
same population.

Vaccine vector safety

The preclinical efficacy data described above made the VSV-
EBOV vaccine a very promising candidate vaccine for
human use; however, safety concerns regarding the use of a
replicating vaccine in humans needed to be addressed. One
of these concerns stemmed from the fact that VSV wild type
(VSVwt) is a neurotropic virus. Although VSV-EBOV lacks
the VSV G, the protein largely responsible for its neurotrop-
ism, the neurovirulence of VSV-EBOV was determined in
cynomolgus macaques through intrathalamic inoculation.
Although inoculation of cynomolgus macaques with recom-
binant VSVwt via this route results in neurological disease
and histologic lesions in the central nervous system, inocula-
tion with VSV-EBOV did not result in the development of
neurological disease signs or histologic lesions, indicating a
lack of neurovirulence of this vaccine.’® An additional con-
sideration regarding large-scale use of a replication-compe-
tent vector was its safety in immunocompromised
individuals, a serious concern due to the high prevalence of
HIV in EBOV endemic areas in Africa. To address this con-
cern, NOD-SCID mice that are severely immunocompro-
mised due to the lack of functional T and B cells were
vaccinated with a high dose of VSV-EBOV; no clinical signs
of disease were observed in these animals."> To further
investigate the effect of VSV-EBOV vaccination in immuno-
compromised individuals, rhesus macaques infected with
simian-human immunodeficiency virus were immunized
with VSV-EBOV and monitored for signs of disease. None
of the animals exhibited evidence of vaccine-associated ill-
ness, and four of six animals survived subsequent lethal
EBOV challenge, demonstrating safety and partial efficacy in
immunocompromised animals."”

In addition to the safety of this vaccine in humans, the abil-
ity of VSVwt to cause disease in livestock prompted concerns
of a potential spillover of the vaccine from vaccinated individu-
als to livestock, since VSV is an OIE-listed pathogen. To
address this concern, pigs were inoculated with the VSV-EBOV
vaccine. Animals did not display signs of disease and virus
shedding was observed at a very low level in only one out of six
animals, suggesting that exposure of pigs to VSV-EBOV-vacci-
nated humans is unlikely to cause disease or transmission in
pig herds.”* However, further testing in pigs and other livestock
species may still be warranted.
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Human clinical trials

The 2013-2016 epidemic of Ebola virus disease (EVD) in West
Africa prompted several phase 1-3 human clinical trials to
determine safety and efficacy of antiviral strategies and vac-
cines. Since October 2014, eighteen human clinical trials of
VSV-EBOV have been conducted, are ongoing or planned in
North America, Europe, and Africa (Fig. 2).

The first two phase 1, placebo-controlled, double-blind,
dose-escalation trials of the VSV-EBOV vaccine were con-
ducted in the USA (NCT02269423, NCT02280408).” In these
trials, volunteers received a dose of 3 x 10° 2 x 107, or 1 x 10°
PFU of the vaccine or placebo, administered either as a single
dose or as two identical doses 28 days apart. ELISA results
showed that all vaccinated volunteers had undergone serocon-
version to EBOV GP by day 28. The groups that received a
dose of 2 x 107 or 1 x 10° PFU had higher geometric mean
titers against EBOV GP than the group that received a dose of
3 x 10° PFU. Furthermore, there was no significant difference
in the geometric mean titer between the group that received a
dose of 2 x 10” PFU and the group that received a dose of 1 x
10® PFU. Systemic adverse events such as injection-site pain,
headache, fatigue, myalgia, fever, chills, and arthralgia were
observed, which is consistent with other live virus vaccines.
These symptoms were generally mild and transient, and
resolved by day 4 post vaccination. In the two-dose regimen,
the second dose was less reactogenic than the initial dose.”
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Serum sample analysis by Khurana et al. resulted in the identi-
fication of novel GP epitopes and, using a pseudo-particle
assay in vitro, showed that IgM responses after vaccination
are neutralizing, but a second dose administered 28 days after
the first one did not significantly increase the antibody titer or
repertoire.””

Three open-label, dose-escalation phase 1 trials and one ran-
domized, double-blind, controlled phase 1/2 trial to assess the
safety, side-effect profile, and immunogenicity of VSV-EBOV
were simultaneously performed in Europe and Africa. All
participants were injected with vaccine doses ranging from
3 x 10° to 5 x 107 PFU or placebo (NCT02283099,
NCT02296983).>** The results from these three trials demon-
strated good antibody responses in all vaccinees and neutraliz-
ing antibodies were elicited by day 28 in 107 out of 126
vaccinees (85%).°%” However, during one trial in Geneva, 11
out of 51 (22%) participants without any previous history of
joint disease had an onset of arthralgia in the second week after
vaccination. Of them, 8 participants had received 1 x 10" PFU
and 3 had received 5 x 10" PFU. Moreover, a mild maculopap-
ular rash mainly on the limbs developed in 3 participants who
had arthritis. These data suggested that lower vaccine doses
might be better tolerated but still immunogenic. The Geneva
trial thus resumed at the dose of 3 x 10°> PFU (low-dose vaccin-
ees) and compared safety and immunogenicity results with 1 x
107 or 5 x 10" PFU (high-dose vaccinees). Although similar
seroconversion rates were observed, the EBOV GP-specific and
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Figure 2. Concluded, ongoing and planned human clinical trials of VSV-EBOV. Since 2014, VSV-EBOV has been evaluated globally in phase 1, 2 and 3 clinical trials. The
countries where these clinical trials were conducted, and their phase (1-3) are shown. Lines indicate completed clinical trials; arrows indicate clinical trials still ongoing at

the time of this writing.



neutralizing antibodies of low-dose vaccinees were significantly
lower than that of high-dose vaccinees. Furthermore, 13 low-
dose vaccinees still developed arthritis. Therefore, this study
did not support a strategy of dose reduction to prevent vaccine-
induced arthritis.”® Samples collected during this study were
analyzed by Rechtien et al., using a systems vaccinology
approach and showed that an early innate immune signature,
specifically NK cell activation and IP-10 levels, correlates with
antigen-specific antibody responses.”® In-depth analysis of
samples from one trial corroborated this finding of increased
IP-10 levels after vaccination and found a general activation of
T cells with a significant induction of Th1 cytokines in response
to vaccination.” A different study found a correlation between
the antibody response to vaccination and an increase in the cir-
culation of a specific subset of CD4+ T cells, cTth17 cells.*’

In addition to the safety data, immunogenicity data that
were available in January 2015 were pooled from some North
American phase 1 trials and assessed for dose selection. As a
result, 2 x 10’ PFU was selected as the dose for phase 2 and
3 trials in West Africa. A randomized, placebo-controlled
phase 2 trial of the vaccine was performed in Liberia during
the epidemic (NCT02344407). A total of 1,500 adults under-
went randomization and were followed for 12 months.*' One
month after vaccination, the vaccinees had elicited high anti-
body responses that were largely maintained throughout the
12 months.

In 2015, three phase 3 clinical trials were conducted. The
first was an open-label, cluster-randomized ring vaccination
phase 3 trial in Guinea (PACTR201503001057193).*>** In this
trial, contacts and contacts of contacts of individuals with
EVD were grouped into clusters and these clusters were ran-
domized to receive a single dose of the VSV-EBOV vaccine
(2 x 107 PFU) immediately or with a 21-day delay. In total,
4,539 contacts and contacts of contacts were assigned to the
immediate vaccination group, and 4,557 participants were
assigned to the delayed vaccination group. No cases of EVD
occurred 10 or more days after randomization among ran-
domly assigned contacts and contacts of contacts vaccinated
in immediate clusters. However, 16 cases were determined in
those receiving the vaccine with the 21-day delay. These
results show that the VSV-EBOV vaccine is indeed fast-acting
and efficacious against EVD in humans. In this study, around
50% of the vaccinees reported at least one adverse event in the
first 14 days after vaccination, but these were typically mild
(headache, fatigue, and muscle pain). Eighty serious adverse
events were identified, of which two were judged to be related
to vaccination (one febrile reaction and one anaphylaxis) and
one possibly related (influenza-like illness). All three individu-
als recovered without sequelae.

The second trial was an open-label, individually randomized
controlled phase 2/3 trial conducted in Sierra Leone
(NCT02378753 and PACTR201502001027220).** Vaccination
was completed in December 2015, and more than 8,000 partici-
pants were enrolled and vaccinated. A total of 64 participants
had illnesses that were investigated as suspected EVD, of whom
60 provided specimens for testing, but none were confirmed as
EVD. No serious adverse events, including arthritis, related to
vaccination were reported, and the data are generally consistent
with data found in the phase 1 trials of the vaccine.

HUMAN VACCINES & IMMUNOTHERAPEUTICS e 21

The last study was a randomized, double-blind, multi-
center phase 3 clinical trial in the USA, Spain, and Canada
(NCT02503202).*> The trial was designed to assess the
safety and immunogenicity of 3 consistency lots (2 x 107
PFU) and a high-dose lot (1 x 10® PFU) of VSV-EBOV
vaccine. The vaccine was generally well-tolerated with some
adverse events, and no vaccine-related severe adverse events
or deaths were reported. The safety of the VSV-EBOV vac-
cine in immunocompromised individuals, first investigated
in preclinical testing,'”” was confirmed by the inclusion of
human immunodeficiency virus (HIV) positive participants
in one clinical trial. No serious adverse events were reported
in these volunteers within a month of vaccination, although
a lower portion of HIV-positive individuals generated an
antibody response to the vaccine than HIV-negative partici-
pants.*' No effect of sex on immunogenicity of the vaccine
was found; a study including children ages 6 and over
showed that VSV-EBOV is safe and immunogenic in chil-
dren.*"*® The findings of these clinical trials support the
use of VSV-EBOV as an emergency vaccine in individuals
at risk for EVD such as contacts and contacts of contacts of
confirmed EVD cases.

Conclusion

The data summarized above show that VSV-EBOV is a safe
and efficacious vaccine for use in humans. While this vaccine is
still not licensed, several clinical trials are ongoing (Fig. 2) to
provide further data to expand the efficacy and safety profile of
the VSV-EBOV vaccine. Although several other EBOV vaccine
platforms have been developed and progressed to clinical trials,
the unique advantage of the VSV-EBOV is the rapid protection
after vaccination and its potential post-exposure efficacy. The
post-exposure treatment properties of the VSV-EBOV vaccine
have been used on several occasions in laboratory and health-
care workers exposed to and potentially infected with
EBOV.***® The use of the VSV-EBOV vaccine in thousands of
people during phase 2/3 clinical trials also showed that it is fea-
sible to manufacture large-scale vaccine batches for deployment
in outbreak situations.

Importantly, the VSV vaccine platform is amenable to
adaptation to other emerging and re-emerging pathogens of
concern, including other filoviruses, paramyxoviruses, and are-
naviruses.””**** In addition, a dual VSV-based vector express-
ing the GPs of viruses from two different virus families was
shown to protect against both viruses in an animal model
with similar short time to protection and post-exposure effi-
cacy as VSV-EBOV.'®*! Now that the safety, efficacy, and fea-
sibility of the VSV platform have been proven, it is time to
finally license this platform, as has been recently done in Rus-
sia. In addition, moving VSV-based vaccines for other patho-
genic viruses with outbreak potential, such as MARV, LASV,
and Nipah virus, forward to clinical trials should be a priority.
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