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ABSTRACT

Ebola Virus Disease is among the deadliest viral diseases. The field of Ebola vaccine
development has progressed over the years with numerous candidates in advanced stages of
clinical development. Currently, there is no licensed vaccine against Ebola virus. This review
aimed to discuss the promising Ebola vaccine candidates focusing on vaccines against ebola
viruses in particular against Zaire ebola virus (ZEBOV). Although DNA vaccines have been
evaluated in Phase I clinical studies, it demonstrates low immunogenicity. Thus far, the most
successful vaccine platforms are the recombinant viruses including, replicating vesicular
stomatitis virus (rVSV) and chimpanzee adenovirus 3 (ChAd3). The successful trials attests
that rVSV vaccines will be submitted for licensing in the near future.
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ABBREVIATIONS: ZEBOV: Zaire ebola virus; rVSV: replicating vesicular stomatitis viru;

ChAd3: Chimpanzee adenovirus 3; EVD: Ebola Virus Disease; CIEBOV: Cote d’Ivoire
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INTRODUCTION

Ebola virus disease (EVD) is among the most virulent viral infections caused by the Ebola
virus, with mortality rates nearing 90%.1,2 Ebola virus is a member of the Filoviridae family,
and is classified into five species, Zaire Ebolavirus (ZEBOV), Sudan Ebolavirus (SEBOV),
Bundibugyo Ebolavirus (BEBOV), Cote d’Ivoire Ebolavirus (CIEBOV) and Reston Ebolavirus
(REBOV) in decreasing order of virulence.3,4
Ebola virus particularly, SEBOV and ZEBOV were discovered in 1976 in the
Democratic Republic of Congo. Since then the virus has initiated over 20 sporadic outbreaks
restricted to regions of Africa.5,6 Consequently, in 2014, the World Health Organization (WHO)
declared an urgent need for efficacy and safety testing of EVD vaccine candidates.7
The largest EVD epidemic to date, was reported between December 2013 and April
2016, which generated over 28,000 cases and 11,000 deaths in the African populations of
Guinea, Liberia and Sierra Leone.1,8 Up-to-date, there are no reported cases of EVD in Sri
Lanka. However, due to the inevitable re-emergence of the disease, WHO has warned all
countries to intensify surveillance activities to combat any possible threat of EVD. Therefore,
Sri Lanka has strengthened its scrutiny activities in order to recognize, notify and manage
suspected EVD patients.
Copyright
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The devastating effects of the 2014 EVD outbreak spurred international research
into vaccine development. Although, it has been 40 years since the discovery of Ebola virus,
there are no approved vaccines for the disease. Therefore, there is an urgent need for an Ebola
vaccine which is cheap, effective and safe, which can be administered in a single dose.9,10 The
aim of this review is to discuss the most promising candidate vaccines which could potentially
protect against the Ebola virus.
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Ebola Virus Genome

Ebola virus genome is the prime target for potential candidate
vaccines. Ebola virus is a single-stranded, lipid enveloped,
negative sense RNA virus of approximately 19 kb, which
comprises of genes that code for seven proteins.11 Four of the
genes encode structural proteins including nucleoprotein (NP),
glycoprotein (GP) and two viral matrix proteins VP24 and
VP40. Whereas, VP30, VP35 and the RNA-dependent viral
polymerase (L) are the non-structural proteins.12,13 Each gene
encodes functional proteins for viral replication.
Moreover, it has been recorded that vaccines for the
protection against EVD predominantly target glycoprotein, with
an exemption of a few directed at VP40 and nucleoprotein.14-16
STRATEGIES FOR EBOLA VACCINE DEVELOPMENT

The recent Ebola outbreak brought global attention to the
inadequate preventive and therapeutic measures against EVD.
This intern spurred intense action towards initiation and
development of an Ebola vaccine. The first successful Ebola
virus vaccine was a conventional inactivated vaccine developed
by Lupton and colleagues in 1980.17,18 However, due to the
possible threat of incomplete inactivation versus using the term
reversion to virulence, inactivated immunizations were not
encouraged against EVD.
Over the past two decades, researchers have explored
various strategies for Ebola vaccine development. Broadly,
Ebola vaccine candidates can be categorised into replication
incompetent and replication competent vaccines.19,20 In the
following subsections, the three most promising vaccine
candidates currently undergoing clinical trials are discussed.
Replication Incompetent (Non-Replicative) Vaccines
Recombinant adenovirus based vaccines: Adenoviruses are

double-stranded, non-enveloped DNA viruses, which have been
isolated from mammalian species. Adenoviruses are used as
recombinant vectors by deletion of the E1 region, thus making
the virus replicative deficient.21,22 Various clinical trials have
demonstrated the safety of adenovirus vectors for use as a
benign carrier system. In 2000, Sullivan and fellow scientists,
first documented the use of recombinant Adenovirus 5 (rAd5)
– based vectors which expressed EBOV antigens as a vaccine.23

Majority of the first generation adenovirus vectors
focused on the innovation of a vaccine based on human serotype
(AdHu5). However, pre-existing immunity greatly decline the
efficacy of AdHu5 immunizations.24 Several strategies have been
derived to overcome pre-existing immunity, including the use of
a variety of serotypes of recombinant Adenovirus such as the
rare human serotypes Ad26 and Ad35. Subsequently, the second
generation of adenovirus was developed from Chimpanzee
Adenovirus, Ad3, Ad7 and Ad62.25
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Initially, rAd5 vaccines were used to boost immunizations upon priming them with DNA vaccines. Although, the
vaccination strategy provided 100% protection to Non-human
primates (NHP) against the ZEBOV challenge, a period of over
6 months was required to complete immunization.26,27 This study
was found to be highly effective and dependent of Ebola-specific CD8+ T-cells and antibody responses. Moreover, CD8+ cells
played a significant role in rAd5-GP-induced immunity against
EBOV infection in NHPs.28,29 Additionally, vaccination dose is
a crucial factor in determining vaccine efficacy. Studies demonstrated that at least 1×1010 virus particles are necessary to attain
100% protection in NHPs against Ebola virus infections.30,31
In 2010, a double-blinded, placebo-controlled, doseescalation, Phase I human study confirmed the safety and
immunogenicity of rAd5 immunization encoding the envelope
GP from ZEBOV and SEBOV 1976 strain. Thirty-one healthy
adults were vaccinated at 2×109 (n=12), or 2×1010 (n=11) viral
particles or placebo (n=8) as an intramuscular injection. All
participants demonstrated antigen specific humoral and cellular
immune responses.32
In 2015, a placebo-controlled, double-blind, phase
1 clinical trial was performed in China, to evaluate the safety
and immunogenicity of rAd5 vaccine encoding the envelope
GP-ZEBOV 2014 strain. In this study, 120 healthy adults
were randomly allocated to receive placebo (n=40), low-dose
(n=40) or high-dose (n=40) vaccine. The results of the study
demonstrated that the high-dose immunization is safe and
robustly immunogenic. Single inoculation of the high-dose
vaccine could mount glycoprotein-specific humoral and T-cell
response against Ebola virus in fourteen days.33
Subsequent studies were carried out to test the rare
serotype rAd vectors to circumvent Ad5 immunity. The results
demonstrated that the great extent of CD8+ T-cell responses
were not constantly prognostic of vaccine efficacy. In 2011,
Geisbert and team identified that Macaques immunized with a
single dose of rAd26 and rAd35 EBOV vaccines at the uniformly
protective rAd5 vaccine dose, 1010 particles, produced serum
anti-glycoprotein Abs along with T-cell responses of CD4+ and
CD8+ comparable to rAd5. Nonetheless, this was unsuccessful
in attempts to protect animals against EBOV infection.34
Evaluation of the cytokine secretion patterns within
antigen-specific T-cells following Ebola immunization exhibited
a prominent difference between rAd5 and the rare serotype rAd26
or rAd35 inoculations. It was found that the CD8+ T-cell response
initiated by the protective rAd5 vaccine was significantly greater
compared to the rarer serotypes, and consisted predominantly of
TNF/IFN-γ double positive, cytolytic effector cells.35
Recently, Ad26 vaccine expressing the full-length GP
of ZEBOV was administered in a prime-boost regimen with
multivalent Modified Vaccinia Ankara (MVA)-Bavarian Nordic
(BN) vaccine, which is currently undergoing Phase III trials.36,37
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Candidate vaccines based on the chimpanzee adenovirus 3
(ChAd3) platform are currently being developed by deletion and
replacement of the E1 gene in the cAd3 genome with EBOV GP.
Between September and December 2014, five phase 1 trials of
ChAd3 commenced in North America, Europe and Africa.38,39
The preliminary report of the first ChAd3 trial,
confirms the safety and immunogenicity of the vaccine. In this
study, twenty healthy adults were enrolled in groups of 10 each,
and were subjected to intramuscular immunization in doses of
2×1010 or 2×1011 particle units. All 20 participants produced
Glycoprotein-specific antibodies and the 2×1011 particle unit
dose group had a greater magnitude titer than 2×1010 particle unit
dose group. Therefore, the immune responses and reactogenicity
to cAd3-EBO vaccine were dose-dependent.40,41
Phase II and III trials were initiated in Liberia, Sierra
Leone and Guinea. In February 2015, the trial known as
Partnership for research on Ebola vaccines in Liberia (PREVAIL)
was initiated.41,42
Furthermore, analysis of Ebola virus vaccine vectors
demonstrated that robust antibody titers and high magnitude of
TNF/IFN-γ double positive CD8+ T-cell quality in ChAd3 are
remarkably similar to rAd5 in inoculated macaques.43
In 2014, researchers developed a trivalent engineered
Ebola-Marburg vaccine (GreEMTri), third generational Adenovirus based vaccines, which expresses glycoprotein genes of
both ZEBOV and SEBOV along with deletion of all Ad genes.
Advantages of Adenovirus based vector vaccinations include,
high immunogenicity, targeted immune response, multi-delivery
routes and effectiveness at low doses.44 Altogether, the available
data have shown great potential for adenovirus-based vaccines
to be licensed in the future.
REPLICATION COMPETENT VACCINES
Recombinant Vesicular Stomatitis Virus (rVSV)

rVSV is a member of the family Rhabdoviridae, and a promising
vaccine platform for EBOV. In 1987, Rose et al, pioneered the
use of rVSV as a vaccine vector.45 The rVSV vector vaccine is
designed to function by replacing the rVSV-G with a G from
an EBOV strain by using reverse genetics.46 This chimeric
alteration attenuates the pathogenicity and the neurotropism of
the rVSV delta G filovirus GP vectors for ZEBOV and MARV,
while allowing the vaccine virus to replicate using the Ebola GP
to attach and enter cells.47
In 2005, a vaccine based on rVSV was the first
replicating Ebola virus vaccine shown to be protective in
NHPs. In this study, a single intramuscular vaccination elicited
protective immune responses in NHPs against lethal EBOV
challenge. The EBOV immunization triggered humoral and
cellular immune reactions in all inoculated NHPs and provided
100% protection.48
Vaccin Res Open J

Furthermore, the rVSV vaccines have shown remarkable post-exposure success. In a study conducted in Canada,
guinea pigs and mice were first inoculated with 2x104 or 2×105
plaque-forming unit (PFU) of rVSV-EBOV vaccine respectively. Challenge of mice with a lethal dose of Mouse Adapted
EBOV at 6.5 and 9 months after immunization proved complete
protection, and at 12 months post-vaccination, 80% (12 of 15
survivors) protection. Similarly, encounter of guinea pigs with a
lethal dose of guinea pig-adapted EBOV at 7, 12 and 18 months
after vaccination resulted in 83% (5 of 6 survivors) at 7 months
after vaccination, and 100% survival at 12 and 18 months after vaccination. The AB responses were examined using sera
from each rodent. Additionally, there was a correlation between
the quantity of EBOV GP-specific IgG Ab and protection. This
study concluded that inoculation with rVSV-EBOV is able to
confer long-term protection against EVD in guinea pigs and
mice.49,50
Up to date, the rVSV-ZEBOV immunization has
been investigated in eight human phase I trials across Europe,
Africa and North America. Moreover, the Sierra Leone trial to
introduce a vaccine against Ebola (STRIVE) phase III study in
Sierra Leone is ongoing.51,52
Phase I rVSV-ZEBOV double-blind, placebo-controlled, dose-escalation trial was conducted on 52 volunteers.
In this study, 12 volunteers received placebo injection and 40
participants received rVSV-ZEBOV immunization at either an
intramuscular dose of 3 million PFU or 20 million PFU. The
safety and immunogenicity were evaluated for 28 days post-immunization. The results demonstrated that, all participants had
seroconversions by day 28, as assessed by ELISA against the
GP of ZEBOV-Kikwit strain. On day 28, the group receiving
20 million PFU had a higher geometric mean titer of Ab against
ZEBOV GP than the group receiving 3 million PFU. These preliminary outcomes promote the further development of the vaccine dose of 20 million PFU.53
A similar Phase 1/2 clinical trial in Geneva was
carried out to evaluate the safety and immunogenicity of rVSV
vaccine administered at different doses. In this study, 59 healthy
volunteers receiving 3x105 PFU low dose of rVSV-ZEBOV
vaccine were compared with rVSV-ZEBOV high dose vaccines
1x107 PFU (n=35) or 5x107 PFU (n=16) or a placebo (n=8).
Initially, viral oligoarthritis was detected in eleven of the first
51 participants (22%) subjected to receive 107 or 5×107 PFU.
Thereafter, 56 volunteers received a lower dose 3×105 PFU
(n=51) or placebo (n=5) to examine the influence of dose
reduction on safety and immunogenicity. The study concluded
that reduction in the dose of rVSV-ZEBOV enhanced early
tolerability, nevertheless suppressed antibody responses.54
A Phase III efficacy trial is currently underway in Guinea
to evaluate the efficacy of rVSV-ZEBOV as a preventative
strategy for EVD. The trial used a ring vaccination strategy
and the preliminary reports demonstrated encouraging results.
In this ongoing study, 90 groups (7651 individuals) comprising
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of contacts of an index case received 20 million PFU of rVSV
either immediately or 21 days after documentation of the index
case. In the immediate vaccination group, no cases of EVD were
reported whereas 16 cases of EVD were diagnosed in the delayed
vaccination group, 10 days post-vaccination. The results show a
vaccine efficacy of 100%. From six days following vaccination,
there were no new cases of EVD identified in vaccine recipients
from the immediate or delayed groups. The data depicts that
rVSV confers protection between 6-21 days after vaccination,
nonetheless the longevity of the vaccine-induced protection is
unknown.55
Advantages of using rVSV vaccines include, very limited pre-existing immunity, easily propagation in mammalian
cells and capacity to initiate a strong humoral and cellular immune responses. Additionally, rVSV based vaccines have the
ability to confer both systemic and mucosal immunity.56 These
clinical studies demonstrated the safety and efficacy of rVSV
vaccine. Researchers predict this vaccine will be submitted for
full licensing by the end of 2017.
SUMMARY

Ebola vaccine development has progressed at an exponential
rate with numerous candidates in advanced stages of clinical
development. Although, DNA vaccines have been evaluated in
Phase I clinical studies, it demonstrates low immunogenicity
and necessitates frequent vaccinations over a sustained period of
time. Thereby challenging the implementation of DNA vaccine
platforms as vaccination of the entire population over a long
time period is logistically and financially not feasible.
Thus far, the most promising Ebola vaccine candidates
are the live-replicating rVSV and the replication-defective
ChAd3 based on GP of ZEBOV strain of Ebola virus.
Multiple trials currently underway in Europe and Africa have
demonstrated that these vaccines are safe and immunogenic.
ChAd3 and Ad26 successfully passed through clinical trials
and entered into a Phase III trials, whereas rVSV has been
validated to be effective in a Phase III clinical studies. While
the efficacy of rVSV vaccine is encouraging, challenges exist in
improving vaccines to provide durable efficacy and recognizing
optimal pathways for vaccine delivery. At this point, the crucial
impediment for EBOV vaccines to move forward is the limited
funding for vaccine development.
In summary, extensive research carried out on rVSV
vaccine depicts that this persists to be the only immunization
platform for prospective clinical use. Its efficacy following a
single dose is a substantial benefit for providing immunizations
to target populations. Moreover, this vaccine is cost-effective
and is efficacious both pre- and post-exposure with a moderately
short time to immunity. The next steps would be to develop a
pathway to licence rVSV vaccines and potentially stockpile
vaccines for future Ebola outbreaks. An effective Ebola vaccine
strategy can be envisioned for use, in order to limit the spread of
an outbreak and to protect individuals who are at the highest risk
Vaccin Res Open J

of infection.
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