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Abstract

For 40 years ebolaviruses have been responsible for sporadic outbreaks of severe and often fatal
hemorrhagic fever in humans and nonhuman primates. In December 2013 an unprecedented Zaire
ebolavirus epidemic began in West Africa. Although “patient zero” has finally been reached after 2
years, the virus is again causing disease in the region. Currently there are no licensed vaccines or
therapeutic countermeasures against ebolaviruses; however, the epidemic in West Africa has
focused attention on the potential vaccine platforms developed over the past 15 years. There has
been remarkable progress using a variety of platforms including DNA, subunit, and several viral
vector approaches, replicating and non-replicating, which have shown varying degrees of
protective efficacy in the “gold-standard” nonhuman primate models for Ebolavirus infections. A
number of these vaccine platforms have moved into clinical trials over the past year with the hope
of finding an efficacious vaccine to prevent future outbreaks/epidemics of Ebola hemorrhagic fever
on the scale of the West African epidemic.
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1. INTRODUCTION

Ebolaviruses and marburgviruses, the causative agents of Ebola and Marburg hemorrhagic
fever (HF), are members of the family Filoviridae [1]. Filoviruses are filamentous,
enveloped, non-segmented, negative sense RNA viruses with genomes approximately 19 kb
in length. Seven gene products are encoded within the genomes of these viruses from 3’ to
5’: the nucleoprotein (NP), virion protein (VP)35, VP40, the glycoprotein (GP), VP30,
VP24, and the polymerase (L). In addition, the Ebolavirus species express two additional
nonstructural proteins from the GP gene: soluble GP (sGP) [2] and small soluble GP (ssGP)
[3]. The wild-type 7U genotype expresses ~80% sGP and ~20% GP, whereas tissue culture-
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adapted viruses with an 8U genotype express only GP [1]. The GP, with potential
contribution from the NP and VP40, have been the key immunogenic antigens in vaccine
development and protection.

Ebolavirus [species Zaire ebolavirus (ZEBQOV), Sudan ebolavirus (SEBOV), Tai Forest
ebolavirus (TFEBOV) and Bundibugyo ebolavirus (BEBOV)] and Marburgvirus (species
Marburg marburgvirus, MARV) cause a severe form of viral HF with human case fatality
rates up to 90% [1]. In 1967, MARV was discovered in Marburg, Germany, however, the
origin of the virus was found to be in Africa. The discovery of ZEBOV occurred nine years
later in 1976 in Central Africa with two simultaneous outbreaks in Sudan and Zaire (now
Democratic Republic of the Congo, DRC) [1]. Before the 2013-2016 epidemic in West
Africa, Ebola hemorrhagic fever (EHF) outbreaks caused exclusively by ZEBOV were
frequently reported from Central Africa with initial outbreaks in the Democratic Republic in
the Congo (DRC) followed in the first decade of the new millennium by multiple outbreaks
in the border region between Gabon and the Republic of Congo (ZEBOV). ZEBOV
continues to emerge/re-emerge in this region including as recent as 2014 when 66
individuals were infected in DRC and 49 died [4]. Subsequently, EHF outbreaks have been
more commonly reported from East Africa or the eastern region of Central Africa, in all
cases with BEBOV and SEBOV as the causative pathogens. Over the past 30 years, ZEBOV
pathogenesis has been well characterized in animal disease models such as nonhuman
primates (NHPs); however, the data from human cases has been limited. The most recent
epidemic in West Africa has shed light on disease progression in humans, albeit with
limitations as the affected area is amongst the poorest in the world.

To date, experimental vaccine platforms have shown promise in the macaque models though
safety and manufacturing concerns for the platforms still exist as such there is still no
licensed vaccine or treatment available. Traditionally, vaccines and treatments against
filovirus HF are initially screened in guinea pigs, mice, and hamsters [5-11]. Unfortunately,
filovirus isolates from humans or NHPs do not cause severe disease in rodents upon first
exposure to the virus, typically this requires serial adaptation to produce a uniformly lethal
infection. During the adaptation process genomic changes occur that increase the
pathogenesis in rodent models; however, disease in rodent models does not often mimic the
human disease progression, which is observed in NHPs [6, 9]. As an example, the
coagulation disorders that are hallmark features of disease in filovirus-infected humans and
NHPs are lacking in filovirus-infected mice or inbred strain 13 guinea pigs [6, 9], though a
recent ZEBOV outbred Hartley guinea pig model has shown some coagulation disorders
[12]. Another example includes the observed bystander apoptosis of large numbers of
uninfected lymphocytes in filovirus-infected humans [13], which can be found in NHP but
not necessarily in mouse models [14, 15]. Recently, a described hamster model of ZEBOV
infection revealed more similarity with primate disease than mice or guinea pigs [8];
however, further studies need to be conducted to fully assess the utility of this model. These
differences raise the concern that efficacy data generated in rodents may not be very
predictive of efficacy in NHP models and humans. It is uncertain whether studies performed
in rodents would be suitable for supporting applications for licensure of filovirus vaccines
and treatments; therefore, this review focuses on vaccine studies performed in NHPs.
Additionally, the NHP model for EHF seems pivotal for testing the efficacy of therapeutics,
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antivirals and vaccines as these cannot routinely be tested in humans. Therefore, the US
Food and Drug Administration (FDA) has implemented the animal rule for diseases like
filovirus HF that would allow licensing of filovirus countermeasures based on efficacy data
in animal models that recapitulate human disease in combination with safety and
immunogenicity studies in humans [16].

An objective comparison of vaccine platforms tested in NHPs is impeded by the conditions
under which the animal studies are conducted. Challenge virus stocks vary between the
different BSL4 facilities and so do the endpoint criteria for animal studies using NHPs. In
regard to the challenge virus stocks, the various facilities have successfully used different
isolates of ZEBOV (Kikwit, Mayinga, Makona) for NHP challenge underlining that there is
indeed cross-protection within the ZEBOV species. However, some of the isolates were an
8U genotype and others a 7U genotype. While both genotypes cause disease in NHPs, virus
replication and disease progression are delayed in the 8U genotype variant [17, 18].
Importantly, rAd5-based ZEBOV vaccines, which had previously shown 100% efficacy
against virus stocks with a large proportion of 8U genomes were not 100% efficacious
against high percentage 7U ZEBOV genome stocks in NHPs [19]. A recent additional
complication has resulted from lower challenge doses as in the past the standard challenge
dose for ZEBOV was always 1,000 plaque-forming-units (pfu), in more recent studies the
bar has been lowered to 100 pfu making it difficult to judge if the immunization scheme is as
effective as with previous vaccine approaches subjected to a 1,000 pfu challenge, a dose
chosen to represent a lab or healthcare worker accident.

The development of vaccines and treatments for EHF has been an international focus of
research laboratories and a number of pharmaceutical companies, which has resulted in a
variety of platforms. The vaccine platforms range from DNA and subunit vaccines to non-
replicating and replication-competent viral vectors with most targeting the ZEBOV species.
These include virus-like particles (VLPs), Venezuelan equine encephalitis virus (VEEV)
replicons, adenoviruses, human parainfluenza virus type 3 (HPIV3), cytomegalovirus
(CMV), and the rhabdoviruses: rabies virus (RABV) and vesicular stomatitis virus (VSV).
While ZEBOV vaccines that have shown efficacy in NHPs are covered in Table 1, every
vaccine cannot be covered in detail in this review. Therefore, the most developed vaccine
platforms will be presented in detail with Table 1 as a reference point to compare other
vaccine platforms that have been 100% efficacious in NHPs.

2. Virus-Like Particles (VLPs)

A non-replicating, protein subunit-based vaccine platform using VLPs has shown utility
against filovirus challenge in NHPs. VVLPs are produced from cells transfected with plasmids
encoding filovirus VP40 matrix protein and GP which release filamentous particles
containing these two proteins into the cell culture supernatant [20, 21]. Co-expression of
additional filovirus proteins such as NP and VP24 can create VLPs composed of four
filovirus proteins; NP, VP24, VP40, and GP [21]. VLPs containing ZEBOV NP, VP40, and
GP proteins were created in insect cells using a baculovirus expression system and used in
NHPs as a part of a 3-dose vaccine regimen plus RIBI adjuvant at 42 day intervals with
subsequent homologous lethal challenge [22]. All five cynomolgus macaques challenged in
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this study were protected from challenge with evidence of circulating anti-ZEBOV GP
antibodies that correlated with complement-mediated and antibody-dependent cell-mediated
cytoxicity [22]. Recently, 2 doses of VLPs with QS-21 adjuvant were shown to protect a
small number of NHPs against ZEBOV challenge (1,000 pfu; 7A variant) [23]. Interestingly,
this platform also showed complete protection with 2 doses of SEBOV-like particles plus
QS-21 adjuvant against uniformly lethal SEBOV challenge; furthermore 2-doses of the
ZEBOV-like particles with adjuvant conferred cross-protective immunity to TFEBOV [23].
The VLP platform is considered a safe vaccine approach in comparison to some of the
replication-competent platforms, which will be discussed in the following sections.
Furthermore, VLPs are highly immunogenic and vaccination has been shown to induce
innate, humoral and cellular immune responses in rodents, macaques and chimpanzees [24,
25]. However, the mechanism of protection for the VLP platform has not yet been defined,
but most certainly humoral immune responses are significant as shown for other protein-
based vaccines like the human papilloma vaccine [26]. The incorporation of NP into the
VLP preparation may add further targets for T cell mediated immunity, but these immune
responses have not yet been investigated.

3. DNA vaccines

Over the last twenty years, DNA vaccination has been developed for a number of viruses
including ZEBOV. These vaccines can be rapidly adapted as pathogens evolve, are non-
infectious, are able to be used in multiple boost regimens, and can be produced in large
quantities; all attractive qualities for vaccines against emerging and re-emerging pathogens.
DNA vaccines have been shown to induce cellular as well as humoral immune responses,
but regularly require administration of several doses to achieve the desired immunity [27].
While DNA vaccines have shown some efficacy in ZEBOV rodent models [28, 29], the
efficacy of ZEBOV GP in NHPs has yet to reach 100% with a recent report describing
codon optimized DNA vaccines providing 83% protection against ZEBOV challenge [30].

4. NON-REPLICATING VACCINE VECTORS

4.1 Venezuelan Equine Encephalitis Virus (VEEV) Replicons

Alphaviruses have a broad host range, replicate in multiple vertebrate and invertebrate cells,
and can be employed as vaccine vectors, referred to as “replicons”, by cloning the antigen of
interest in place of the alphavirus structural genes. These replicons have the ability to
transcribe messenger RNA and replicate the genome but do not make virus particles in the
absence of the alphaviral structural proteins. VEEV replicons expressing ZEBOV GP, NP, or
both GP and NP have been assessed in NHPs with inconsistent results. Vaccination of NHPs
with multiple injections of VEEV replicons expressing ZEBOV GP, NP, or both GP and NP
at doses in the 107 pfu range, failed to protect any animals from a lethal intramuscular (i.m.)
ZEBOV challenge [9]. However, a single injection of NHPs with a blend of 1010 VEEV
replicons expressing the ZEBOV GP and SEBOV GP was able to protect animals from i.m.
challenge with ZEBOV or SEBOV [31]. Unfortunately, when this vaccine regimen was
tested against aerosol challenge with SEBOV, complete protection was not afforded even
when the challenge dose was reduced 10-fold. However, increasing the vaccination regimen
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to two injections was able to provide protection of macaques against lethal outcome but not
clinical signs of disease [31].

4.2 Recombinant Adenovirus-based Vectors

Replication-defective adenoviruses, such as the recombinant adenovirus serotype 5 (rAd5)
are commonly used as vaccine platforms [32]. The first successful protection of NHPs from
EHF was a result of using a prime-boost strategy [33]; cynomolgus macaques were
vaccinated three times with DNA expressing the GPs of ZEBOV, SEBOV, and TFEBQV, and
the NP of ZEBOV. After 3 months a booster vaccination of a rAd5 vector expressing the
ZEBOV GP was administered. The vaccinated animals survived challenge after exposure to
a low dose (6 pfu) of ZEBQOV. The data for this study suggested that humoral immunity and
T memory helper cells were strongly associated with protection; while cell-mediated
immunity was important, it was not an absolute requirement for protection [33]. The need
for the DNA plasmid component of this regimen is not clear, as a single injection of 1010
infectious units (IFU) of rAd5 expressing the ZEBOV GP resulted in complete protection
from death and illness of cynomolgus macaques with a high dose (1,000 pfu) i.m. challenge
of homologous ZEBOV 28 days later [34]. Recently, a dose of 1019 IFU of a codon
optimized ZEBOV GP vaccine was tested in NHPs in combination with 109 IFU rAd5
expressing interferon a (rAd5/IFNa) resulting in 100% survival of the immunized animals
[35]. Additionally, a DNA prime-rAd5 boost strategy was also employed to demonstrate
cross-protective vaccine efficacy against the most recently discovered species of Ebolavirus,
BEBOV [36]. Briefly, NHPs were vaccinated with DNA expressing ZEBOV GP and
SEBOV GP and then boosted (DNA) at weeks 4, 8, and 14. One year later (week 53)
animals were boosted with a rAd5-base vaccine expressing the ZEBOV GP. Seven weeks
after the rAd5 boost the animals were challenged with BEBOV. All vaccinated macaques
survived challenge, with only one animal showing evidence of clinical illness from the
BEBOV exposure. Although the vaccine doses are high in titer, the rAd5 platform is non-
replicating and therefore considered safe. However, the production of this high-titered
vaccine could be problematic.

A significant concern for the use of this vaccine platform is the pre-existing immunity to
Ad5 as humans have between 60% and 90% in certain populations [37]. In experimental
infections of rodents and NHPs it was demonstrated that pre-existing immunity significantly
lowered protective efficacy of rAd5-based vaccines [35, 38—42]; however, improvements to
the immunization route or the vaccine vector itself have been used to overcome this problem.
For instance, delivery of the vaccine via the oral, nasal or intratracheal route can circumvent
pre-existing immunity without having an effect on the protective efficacy against lethal
challenge; in addition, the stimulation of T cell responses was significantly improved [35,
39-41]. These efforts have been pushed further by replacing the rAd5 vector with a different
serotype-based backbone with less or no pre-existing immunity in humans like Ad26 and
Ad35 [42] or to primate-specific adenoviruses such as chimpanzee (Ch)Ad and simian Ad21
[38, 43]. Recently, rAd26 and rAd35 have been employed to develop a pan-filovirus vaccine
approach as vaccination of NHPs with rAd35 expressing the ZEBOV GP failed to
completely protect animals against a lethal ZEBOV challenge. Similarly, vaccination of
NHPs with either rAd26 or a modified adenovirus in which only the seven short hexon
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hypervariable regions of Ad5 were exchanged from human adenovirus serotype 48 (each
expressing the ZEBOV GP) failed to protect animals against a lethal ZEBOV challenge.
However, a strategy to prime with rAd26 vectors expressing ZEBOV GP and boost with
rAd35 vectors expressing ZEBOV GP was able to protect NHPs against a lethal ZEBOV
challenge [42]. Recently, the rChAd3 vaccine vector expressing ZEBOV GP provided 100%
protection at a single dose of 1011 and 1010 IFU five weeks after vaccination [44] and was
able to provide 50% protection 10 months post-vaccination with a single dose of 1011 IFU
and 100% protection using a prime-boost regimen in combination with modified vaccinia
Ankara (MVA) expressing ZEBOV and SEBOV GP, MVA-BN-Filo. The data presented
suggest long term protection requiring strong memory CD8+ T cells to reestablish effector
and memory CD8+ T cell responses after challenge with ZEBOV.

4.3 Recombinant ZEBOVAVP30

Reverse genetics systems for RNA viruses, including ZEBOV, have enabled the
establishment of a recombinant biologically contained ZEBOV [45]. This recombinant
(r)ZEBOV has the essential VP30 (a viral-specific transcription activator) deleted and the
resulting rZEBOVAVP30 no longer has the ability to replicate. Providing VP30 /n trans
allows for propagation of rZEBOVAVP30 whereas no progeny virus is produced in the
absence of VP30 [45]. This vaccine vector was recently shown to confer 100% protection of
NHPs against ZEBOV challenge using a single dose, two doses, or H,0, inactivated two
doses of vaccine regimen [46]. rZEBOVAVP3O0 is an interesting vaccine approach as the
vector resembles wild-type (wt) ZEBOV very closely and contains all but one protein to
elicit ZEBOV-specific immune responses. The H,0, inactivated prime-boost vaccine
strategy minimizes safety concerns compared to other platforms.

5. REPLICATION-COMPETENT VACCINE VECTORS

5.1 Recombinant Human parainfluenza virus type 3

Human parainfluenza virus type 3 (HPIV3), a member of the family Paramyxoviridae, is a
common pediatric respiratory pathogen. Live-attenuated vectors based on HPIV3 are
actively being investigated as vaccines for HIPV3 and other pediatric pathogens [47, 48].
Recently, a HPIV3 vector expressing the ZEBOV GP and a vector expressing two antigens,
the ZEBOV NP and GP, have been developed [49]. Combining an intranasal and
intratracheal vaccination in NHPs with the ZEBOV GP vector afforded the best protection
against a high dose (1,000 pfu) intraperitoneal challenge of homologous ZEBOV 28 days
post vaccination [49]. In this study, 85% of HPIV3 ZEBOV GP-vaccinated animals survived
challenge and 57% of animals were protected against clinical illness. When the vaccine
regimen using the HPIV3 ZEBOV GP vaccine was expanded to two doses over a 67-day
period the efficacy was improved, with 100% of NHPs protected against clinical illness and
death. This vector was further assessed by aerosol vaccination route and was able to protect
100% of NHPs challenged with 1,000 pfu i.m. with ZEBOV from severe disease however,
some clinical signs were noted in survivors [50].

The HPIV3 system is replication competent; therefore, safety concerns require further
analyses such as the tolerance in immunocompromised individuals and neurovirulence
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testing. Additionally, a majority of all adult humans have pre-existing immunity to this
common childhood pathogen, which presents a potential challenge using this vaccine vector
analogous to rAd5. However, this concern was addressed as it was demonstrated that
infection of HPIV3-positive NHPs with HPIV3 expressing ZEBOV GP is possible and
results in an immune response to ZEBOV GP. These results indicate that vaccination might
be feasible despite preexisting immunity [51], however, this study did not provide data on
protective efficacy as production of antibodies to ZEBOV GP does not always correlate with
protection against ZEBQOV infection [52].

5.2 Recombinant Rabies Virus-based Vectors

A Rabies virus-based vector used as a dual vaccine against Rabies virus (RABV) and
ZEBOQV for potential use in both at risk populations in Africa, humans and nonhuman
primates, has been developed recently. The vector BNPSP333 is based on the reverse
genetics system for the RABV vaccine strain SAD B19, which is currently used for wildlife
immunizations. A mutation at amino acid 333 in the RABV glycoprotein (RABV-G)
attenuates this vector as demonstrated by reduced neurovirulence in adult mice [53].
Development of this platform led to three different versions of the vaccine vector; a
replicating vector expressing both RABV-G and ZEBOV-GP (rRABV/ZEBOV-GP), a vector
deleted of RABV-G but expressing ZEBOV-GP (rRABVAG/ZEBOV-GP) and an inactivated
form of the replicating vector (inacRABV/ZEBOV-GP) [54]. These novel vaccine vectors
for ZEBOV have recently been evaluated in NHPs demonstrating a single dose of the
replicating vector rRABV/ZEBOV-GP was 100% protective [52]. In contrast, one dose of
rRABVAG/ZEBOV-GP and a prime/boost regimen with the inacRABV/ZEBOV-GP resulted
in 50% protection. Humoral and adaptive immune responses were carefully investigated
concluding that survival was largely dependent on the quality of antibody responses to
ZEBOV-GP [52]. Interestingly, ZEBOV-GP-specific antibodies with an IgG1-bias seemed to
be critical for protection against ZEBOV challenge. Recently, the inactivated RABV vaccine
vector was improved using a codon-optimized antigen and showed promising results in a
prime/boost regimen with adjuvant in NHPs against challenge with 100 pfu i.m. ZEBOV
[55]. These data are very encouraging toward the development of a dual vaccine for RABV
and ZEBOV, although the challenge virus dose was 10-fold lower compared to most other
studies. Regardless, GMP-production of this vaccine for human clinical trials has been
initiated [55].

5.3 Recombinant Vesicular Stomatitis Virus-based Vectors

Over the last few decades, Rose and colleagues have pioneered the use of recombinant
vesicular stomatitis virus (rVSV), the prototypic member of the Rhabdoviridae family, as an
expression and vaccine vector [56-58]. The main vector used for the Ebolavirus vaccines
lacks the VSV glycoprotein (G), which contributes to VSV neurotropism and pathogenicity,
and resulting in an attenuated version of VSV serotype Indiana [59, 60]. Furthermore, pre-
existing immunity is rare, and directed towards VSV-G, a protein no longer present in this
vector [58, 61]. The rVSV Ebolavirus vectors encode the GP as the immunogen(s) in place
of VSV-G (rVSVAG); while this vaccine virus is attenuated it is easily propagated and is
highly immunogenic with immunized individuals showing transient viremia [59, 62—-64]. An
alternative rVSV vaccine vector still expressing VSV-G (rVSV-N4CT1-ZEBOV-GP) has
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recently shown utility as a ZEBOV vaccine in NHPs [65] although the rVSVAG vectors
described below have been characterized for filoviruses over a longer period of time.

To date, the Ebolavirus vaccine platform based on rVSVAG (here referred to as rVSV) has
proven to be successful. A single i.m. vaccination of NHPs with 1x107 pfu of a rVSV vector
expressing only ZEBOV GP (rVSV-ZEBOV) elicited complete protection against a high
dose (1,000 pfu) i.m. challenge of homologous ZEBOV given 28 days later [66]. However,
cross-protection against another species of £bolavirus, SEBOV, was not achieved as re-
challenge of the survivors with SEBOV resulted in fatal disease [66]. A single i.m.
vaccination of NHPs with rVSV-ZEBOV was also able to completely protect animals against
a homologous aerosol challenge of ZEBOV given 28 days later [67]. It should be noted that
protection against ZEBOV challenge can be conferred by i.m. and mucosal [68]. The
mechanism of rVSV-ZEBOQV protection from lethal challenge with ZEBOV has been
evaluated and results suggested that antibodies were necessary and correlated with
protection of NHPs [69]. This platform has been used to generate vaccines for all known
Ebolavirus species [70].

The ideal filovirus vaccine should be a single dose vaccine that can protect against the
various species and strains of Ebolavirus and MARYV as the filoviruses overlap in their
endemic areas in addition to the unknown nature of a filovirus attack through bioterrorism.
To investigate this possibility, this vector platform was assessed in NHPs as a multivalent
vaccine consisting of equal parts of the rVSV-filovirus-GP vaccine vector for MARYV,
ZEBOQV, and SEBOV [71]. After 28 days the NHPs were challenged with ZEBOV, SEBOV,
TFEBOV, or MARV. None of the vaccinated NHPs succumbed to any filovirus challenge,
showing the utility this platform could have as a single dose multivalent vaccine.
Additionally, the utility of combining rVSV-SEBOV and rVSV-ZEBQOV vectors using either
a single dose blended vaccination approach or a prime-boost regimen against heterologous
BEBOV challenge in NHPs was evaluated and resulted in 100% protection [72]. In addition,
the rVSV-ZEBOV vaccine caused no adverse events in SHIV-infected NHPs [73]. Despite
the immunocompromised status of these animals protection against lethal ZEBOV challenge
was achieved and correlated with the level of the humoral immune response supporting the
importance of antibodies elicited by this vaccine for protection [73]. In order to address a
different safety aspect, pigs representing a livestock species were infected with rvVSV-
ZEBOV; the animals showed no disease and rVSV-ZEBOV shedding was minimal further
underlining the safety of this vaccine [74]. Recently, it was shown that in NHPs the rVSV-
ZEBOV vector conferred 100% protection when administered within 7 days of a lethal
against ZEBOV challenge [75]. These data are intriguing as they suggest the vaccine can be
efficacious and therefore being used for ring vaccination strategies.

6. HUMAN CLINICAL TRIALS

Several of the above described ZEBOV vaccine platforms have been preclinically tested over
a decade ago, but until 2014 very few phase | human clinical trials were approved and had
been conducted (www.ClinicalTrials.gov; www.pactr.org). Due to the severity of the West
African ZEBQOV epidemic, the case importations into the European and American continent,
and the global public health impact, phase I clinical trials were accelerated for the most
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promising vaccine platforms providing 100% protection in NHPs (table 1), mainly for the
adenovirus/MVA platform and rVSV-ZEBOV (Fig. 1). There are completed and ongoing

phase I and 11 clinical trials worldwide (Fig. 2) and initial phase 111 clinical trials in West

Africa with encouraging preliminary results.

The first phase | clinical trials for a ZEBOV vaccine using a 3-dose DNA vaccination
approach started in November 2003 in the USA [76]. While the vaccine was safe and well
tolerated in all volunteers, suboptimal immunogenicity of this particular vaccine formulation
was revealed thus triggering efforts to modify the vaccine. An improved 4-dose DNA
vaccine formulation was tested and again was safe and well tolerated in all volunteers
resulting in enhanced immunogenicity [77]. Similarly, in a phase | trial in Uganda a 3-dose
DNA vaccination scheme against ZEBOV and MARV was safe and well tolerated in the trial
participants and resulted in good immunogenicity [78]. While the DNA vaccine is a very
safe approach, it needs several boosts and therefore requires a longer time to achieve
protective immunity making it less desirable in an outbreak but potentially suitable for a
population-based immunization.

The second ZEBQOV vaccine platform ever tested in humans was the rAd5-based vaccine,
which is 100% protective in NHPs [33]. The immunization was safe and well tolerated in the
study participants, but pre-existing immunity to the Ad5 vector compromised
immunogenicity and particularly humoral immune responses to the ZEBOV antigen [79].
Regardless, in 2015 an updated rAD5 vaccine encoding the antigen from the West African
ZEBOQV isolate was generated and tested in humans in China. This trial resulted in improved
humoral and adaptive immune responses compared to the previous study likely due to the
administration of a higher vaccine dose [80]. The pre-existing immunity to the Ad5 vector
still remains a concern and could only be overcome in the high-dose vaccination group. The
participants developed mild adverse effects (pain at injection site); the vaccine otherwise
appeared to be safe.

In order to address the problem of pre-existing immunity to the Ad5 vector, a chimpanzee
Ad3 (ChAd3)-based ZEBOV vaccine was developed and demonstrated protective efficacy in
NHPs [44]. As this vaccine is a non-replicating vector, it was accelerated for phase | human
trials in the USA and Switzerland. The vaccine was safe and well tolerated by all
participants for every dose tested, although mild to moderate systemic effects like pain at the
injection site, fever, headache and fatigue/malaise were reported [81, 82]. After 4 weeks of
immunization with a single ChAd3-ZEBOV vaccine dose of >2x1010 or 2x1011 of the
ChAd3-ZEBOV/SEBQV combination vaccine, the ZEBOV GP-specific antibody titers
reached similar levels as observed in NHPs protected from disease [81, 82]. These results
are encouraging for short-term protection but durability of the immune response is
questionable as the antigen-specific titers dropped in all participants after 6 months [82].
This concern was addressed in a separate trial when participants in Mali received the
ChAd3-ZEBOV vaccine as a prime followed by MVVA-BN-Filo as a booster immunization
[83], a strategy previously shown to enhance the durability of protection in NHPs [44].
Again, mild to moderate side effects to the vaccination were reported but otherwise both
vaccines were safe and well tolerated in all participants. Already 7 days after the MVVA-BN-
Filo boost the antibody titers to ZEBOV GP were drastically enhanced, but no data on the
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durability of this response are available yet [83]. Unfortunately, no efficacy data in humans
(phase I11) are available for the ChAd3/MVA vaccine approach.

The third ZEBOV vaccine in phase I, Il and Il clinical trials worldwide is the rvVSV-
ZEBOV (Fig. 2). Similar to the ChAd3 vaccine, several vaccine doses ranging from 3x 10°
to 5x 107 pfu were analyzed in the phase | trial participants resulting in dose-dependent
variation of antibody responses and mild to moderate side effects (pain at the injection site,
fever, chills, headache, fatigue, myalgia), with some severe side-effects in the highest dose
group tested (mild arthralgia, arthritis, skin lesions) [62, 63, 84]. Overall, the vaccine dose
chosen for future human use (2x 107 pfu) was well tolerated, safe and immunogenic and the
vaccine was quickly moved into a phase 111 ring vaccination trial in Guinea while the 2014—
15 ZEBOV outbreak was still ongoing. The preliminary report by Henao-Restrepo and
colleagues included 7651 individuals who received the vaccine either immediately after
being exposed to an infected person or 21 days later (one ZEBOV incubation period) [64].
Similar to observations in NHPs, this vaccine was fast-acting and the vaccinees seem to be
protected from ZEBQV infection within 10 days. While the trials resulted in 16 cases of new
Ebolavirus infections in the delayed vaccination group, no cases were reported in the
immediately immunized group, demonstrating promising efficacy of the rVSV-ZEBOV
vaccine against the circulating ZEBOV-Makona strain in Guinea [64]. This is encouraging
data and underlines the importance of a fast-acting vaccine for emergency use like in
outbreak situations. To date little is known about the durability of protection after a single
rVSV-ZEBOV vaccination with only a limited dataset in Guinea pigs being published [85],
but with the ongoing clinical trials this question could be addressed.

7. EXPERT COMMENTARY

Four decades ago in 1976, ZEBOV was recognized as the causative agent of a human HF
outbreak in Zaire (now the Democratic Republic of the Congo). Over the past 20 years
efforts have been made towards the development of vaccines and therapeutics, but we still do
not have an approved/licensed countermeasure. While the most recent EHF epidemic in
West Africa has accelerated phase I-I11 testing of a few promising ZEBOV vaccine
candidates as well as a few therapeutics and antivirals (www.ClinicalTrials.gov;
www.pactr.org), the major impediments for licensure of countermeasures are still funding
for performing large NHP studies following the Animal rule and phase I-11 clinical trials as
well as opportunities to perform phase 111 trials. In the past, EHF outbreaks occurred
sporadically in Central Africa affecting only small numbers of people in often rural areas.
The most recent and first epidemic in West Africa with almost 29,000 cases and over 11,000
fatalities highlighted the potential of this virus to spread quickly in more populated areas of
Africa with the potential to cause epidemics and the fear of a pandemic. Fortunately, now
there seems to be at least temporary interest of large pharmaceutical companies in ZEBOV
vaccine development. With the unexpected and unprecedented response of the global
community to the West African epidemic, military personnel, aid workers, charity or
medical non-profit organizations and military personnel are vulnerable and would certainly
benefit from a vaccine. These groups could be prepared by prophylactic vaccination ahead of
upcoming missions but could also benefit from a fast-acting, single-shot vaccine in case of
emergency deployments. However, vaccines should primarily be produced and stock-piled
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for at-risk populations in the endemic areas in Africa, in particular for healthcare workers as
they are the first to encounter an infected individual. For this group a single-dose approach
with long-lasting immunity is desirable but we are not there yet as there are limited
durability data available for the different vaccine platforms currently in clinical trials. For
now the ring vaccination in Guinea has been shown to be effective and could easily be
repeated in future outbreaks/epidemics. For that it would be advantageous if emergency
clinical trial protocols could be put in place and used immediately after confirmation of
clinical cases. Researchers working in containment facilities are another group that would
benefit from prophylactic vaccination or from treatment following an exposure. Taking this a
step further, a similar scenario could be imagined for non-ZEBQV ebolaviruses, MARV and
even Lassa virus for which vaccine candidates have gone successful through preclinical
trials [86]. If clinical trials for these vaccines could be conducted soon the world could put
an emergency response plan in place for a few emerging infectious diseases to counteract
before the situation gets out of control.

Ebolaviruses and related pathogens are emerging/re-emerging zoonoses. Thus, special focus
should be given to the identification of the reservoir, which is still unknown for ebolaviruses
in general albeit fruit bats might be one reservoir species [87]. This could allow for more
effective intervention strategies at early stages in transmission and prevent introduction into
the human population and other end-host species such as the great apes in case of ZEBOV.
Wildlife vaccination needs to be more seriously considered, in particular for great apes in
case of ZEBOV. A first step has been made with the RABV-based ZEBOV vaccine [52],
which could be delivered mucosally through oral baits similar to the licensed RABV vaccine
used to vaccinate foxes and raccoons in Europe and the United States, respectively [88].
Very recently, a replication-competent recombinant cytomegalovirus vaccine expressing the
ZEBOV GP has been described and first protective efficacy has been demonstrated in the
ZEBOV rhesus macaque model [89]. This vaccine has the potential to be developed into a
disseminating vaccine approach as cytomegaloviruses are known for their strict species-
specificity and spread through the target population without affecting other mammalian
species. Immunization strategies like this are of great value to both wildlife preservation as
well as human public health.

8. FIVE-YEAR VIEW

The goal over the next five years should be that at least a few of the ZEBOV vaccine
approaches successfully tested in clinical trials will be moved through licensing for
stockpiling in case of public health emergencies such as other outbreaks, case importations
or intentional release. These vaccines should be first considered for at risk groups like
healthcare workers in the endemic areas in Africa, aid workers that might be deployed for
public health missions and researchers in high-containment facilities. In outbreak situations
ring vaccination should be considered. African countries affected by ebolaviruses should
have mechanisms for immediate vaccination of larger parts of their population in place in
case of emergencies.

The mechanism of protection for a few ZEBOV vaccine platforms has been studied but so
far there has been no common correlate identified. Further studies into defining the
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mechanisms of protection mediated by ZEBOV vaccines need to follow. Notably, the level
of total IgG antibodies seems to be a common correlate of protection in response to different
ZEBOV vaccine approaches. This important read-out for effective vaccination needs to be
verified and further defined together with studying the durability of the protective immune
responses elicited by each vaccine.

Lastly, it is important to identify the reservoir(s) - and perhaps potential interim/amplifying
hosts should they exist - for the different Ebolavirus species in order to educate people
effectively in preventing virus transmissions into the human population. From a wildlife
conservation and public health standpoint it is reasonable to consider wildlife vaccination in
the ZEBOV-affected areas in Africa, most importantly the great ape populations. The
strategy of bi- or even multivalent vaccine approaches, simultaneously targeting pathogens
with higher animal and/or public health impact (i.e. rabies virus, malaria), could help
increase the interest of industry partners for financing options and compliance in the
population.
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KEY ISSUES

. Ebolaviruses cause sporadic outbreaks of HF in Africa with increasing
frequency and high case fatality rates.

. There are no approved vaccines or treatment options available, making
efforts towards effective prophylaxis and therapy urgent.

. The reservoir species for ebolaviruses remains to be identified;
evidence pointing towards bats needs to be confirmed.

. EHF outbreaks in the human population are often linked to exposure to
wildlife. More effort needs to be made for wildlife vaccination
approaches.

. In response to the recent West African ZEBOV epidemic, experimental
vaccine approaches protective in nonhuman primate models of EHF
have been accelerated into phase I-111 clinical trials with promising
results.

. While antibodies have been shown to be important for protection for
the rhabdovirus-based vaccine vectors, protective efficacy with the
rAd5 platform seems to be more dependent on CD8+ T cells.

. The development of various vaccine platforms is encouraged as they
have their advantages/disadvantages for distinct application
approaches, i.e. emergency fast-acting vaccination versus population-
based durable immunization.
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Fig. 2. Distribution of ongoing phase I-111 clinical trials in the world
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Vesicular stomatitis virus (r'VSV-ZEBOV); recombinant ZEBOV glycoprotein (ZEBOV-
GP). Sources: www.Clinical Trials.gov; www.pactr.org
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Table 1
Efficacy of vaccine platforms in NHPs
Vaccine candidate Number of | Timeto | Survival | References
vaccine challenge rate
doses

Inactivated virus 3 78d 25% 9
Virus-like particles (VLPs) 2-3 126-70d 100 % 22 & 23
Rec. ZEBOVAVP30 1 28d 100 % 46
Alphavirus replicon 1 28d 100 % 30
DNA 3 112d 83% 31
DNA + rec. Adenovirus 4 224d 100% 33
Rec. Adenovirus 1 35-28d 100% 34 &44
Rec. Adenovirus + MVA 2 273d 100% 44
Rec. Cytomegalovirus 2 112d 75% 89
Rec. Vaccinia virus 3 98d 0% 9
Rec. Paramyxovirus 1 28d 100% 50
Rec. Vesicular stomatitis virus 1 28-7d 100% 66 & 75
Rec. Rabiesvirus 1 75d 100% 52
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