
Current Ebola vaccines

Thomas Hoenen1,*, Allison Groseth1, and Heinz Feldmann1

1 Laboratory of Virology, Division of Intramural Research, National Institute of Allergy and
Infectious Diseases, National Institutes of Health

Abstract
Introduction—Ebolaviruses cause severe viral hemorrhagic fever in humans and non-human
primates, with case fatality rates of up to 90%. Currently, neither a specific treatment nor a
vaccine licensed for use in humans is available. However, a number of vaccine candidates have
been developed in the last decade that are highly protective in non-human primates, the gold
standard animal model for Ebola hemorrhagic fever.

Areas covered—This review analyzes a number of scenarios for the use of ebolavirus vaccines,
discusses the requirements for ebolavirus vaccines in these scenarios, and describes current
ebolavirus vaccines. Among these vaccines are recombinant Adenoviruses, recombinant Vesicular
Stomatitis viruses, recombinant Human Parainfluenza viruses and virus-like particles.
Interestingly, one of these vaccine platforms, based on recombinant Vesicular Stomatitis viruses,
has also demonstrated post-exposure protection in non-human primates.

Expert opinion—The most pressing remaining challenge is now to move these vaccine
candidates forward into human trials and towards licensure. In order to achieve this, it will be
necessary to establish the mechanisms and correlates of protection for these vaccines, and to
continue to demonstrate their safety, particularly in potentially immunocompromised populations.
However, already now there is sufficient evidence that, from a scientific perspective, a vaccine
protective against ebolaviruses is possible.
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1. Introduction
Since their discovery in 1976, ebolaviruses have caused numerous outbreaks of severe
hemorrhagic fevers in Africa. The severity of disease, the perceived threat of bioterrorism
associated with these viruses, and the potential for imported infections into the western
world, as demonstrated by recent importation of two cases of the closely related
Marburgvirus into the Netherlands and the USA, have triggered tremendous interest in these
viruses. Nevertheless, despite intense research there is still no effective treatment against
Ebola hemorrhagic fever (EHF). However, in recent years there has been significant
progress towards vaccines against ebolaviruses, and particularly the last years have seen a
surge in vaccine research, although the first attempts at vaccination were reported as early as
1980. However, despite this progress and the availability of vaccines that are highly
protective in non-human primates (NHPs), which are the gold standard animal model for
EHF, there are still a number of steps that have to be taken before an ebolavirus vaccine can
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be used in the field. This review tries to provide an overview about current ebolavirus
vaccines, and possible scenarios for their use and the resulting requirements for an ideal
ebolavirus vaccine.

1.1 Taxonomy and biology of ebolaviruses
Ebolaviruses, together with the closely related marburgviruses, form the family Filoviridae
in the order Mononegavirales. There are four accepted and one proposed species of
ebolaviruses, with four species (Zaire ebolavirus (ZEBOV); Sudan ebolavirus (SEBOV);
Cote d'Ivoire ebolavirus (CIEBOV); Bundibugyo ebolavirus (BEBOV)) occuring in Africa,
whereas the fith species (Reston ebolavirus (REBOV)) originates from the Philippines 1, 2.
Interestingly, only the African ebolavirus species cause disease in humans, whereas REBOV
has not yet been reported to cause any disease in humans, despite evidence of human
infections with this virus 3. However, it remains pathogenic in non-human primates, and has
been responsible for several outbreaks among animals imported into the USA and Italy. The
genetic differences underlying the differences in pathogenic potential are not understood
and, therefore, it is difficult to predict the potential for this virus to become pathogenic in
humans. This is of particular concern since REBOV has recently been identified in pigs on
commercial pig farms, so that there is a potential for REBOV being introduced into the food
chain 4.

Ebolavirus particles have a characteristic threadlike appearance and consist of seven
structural proteins 1 (Figure 1). The viral RNA genome is encapsidated by the nucleoprotein
NP and together with the viral polymerase L, the polymerase cofactor VP35 and the
transcriptional activator VP30, as well as VP24, forms a central nucleocapsid in the virus
particle 5. In the space surrounding the nucleocapsid the matrix protein VP40 is found,
which plays a role in particle morphogenesis and budding 1. Virus particles are surrounded
by a host cell-derived membrane in which the surface glycoprotein GP is embedded.

1.2 Clinical features and treatment
The first symptoms of EHF are relatively unspecific and include a high fever with sudden
onset, headaches, muscle and joint pain and general malaise, as well as gastrointestinal
symptoms such as diarrhea, nausea and vomiting 6, 7. Hemorrhagic symptoms appear later in
the course of disease (5 to 7 days after onset of symptoms) and most frequently occur in the
gastrointestinal tract leading to hematemesis, hematochezia and melena. In contrast, overt
bleeding, for example from venipuncture sites, is not as common, nor is intradermal
bleeding. Death usually occurs between day 6 and 10 after onset of symptoms, and is caused
by multi-organ failure and a syndrome resembling septic shock 6, 7. Our current knowledge
regarding the immune response to EBOV infection in patients is limited; however, survivors
show an IgM response as early as 2 days post onset of symptoms, and an IgG response that
develops within 5 to 8 days post symptom onset 8, 9. In contrast, in fatal cases an IgG
response seems to be lacking, and IgM antibodies are only detected in about 30% of
patients. Also, there seems to be a decrease in T-cell numbers in fatal cases prior to
death 8, 10. The case fatality rate of EHF varies depending on the ebolavirus species
involved, with ZEBOV having a case fatality rate of 60-90%, whereas SEBOV and BEBOV
show lower average case fatality rates of 40-60% and 25%, respectively 6. CIEBOV has
caused only a single severe infection in humans; therefore, the lethality rate is unknown.

Ebolaviruses are usually spread through close contact with infected individuals, and
particularly with their body fluids. Nosocomial transmission has also played a major role in
some outbreaks due to poor infection control practices. Barrier nursing techniques have been
shown to be sufficient protection for medical personal, who belong to the high-risk group for
EHF infection.
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There is no approved specific treatment for EHF currently available. However, experiments
in NHPs, which are the gold standard gold model for vaccine and drug testing, have shown
that recombinant nematode anticoagulant protein c2 (rNAPc2), administered as late as 24
hours post-infection (p.i.), produced a 33% survival rate in an otherwise uniformly lethal
model of infection 11. Activated protein C, which is used for treating patients with severe
sepsis, resulted in an 18% survival rate 12. The most promising results so far were obtained
in a recent study using siRNAs, in which a 100% survival rate in NHPs was achieved, when
animals were treated daily for 7 days, with the first treatment starting 30 minutes after
challenge 13. Passive antibody treatment starting as late as 48 hours p.i. with concentrated
IgG from vaccinated NHPs which survived ebolavirus challenge has recently been shown to
protect non-vaccinated NHPs from otherwise lethal challenge14. Also a postexposure
vaccination with a recombinant Vesicular Stomatitis virus (VSV) expressing ebolavirus GP
has shown promise as a possible treatment option (see section 3.2.1). In human patients
treatment is currently restricted to supportive measures including management of pain and
fever (avoiding nonsteroidal anti-inflammatory drugs), fluid replacement, treatment of renal
failure and control of secondary infectons 15, 16.

1.3 Ebolavirus ecology
Fruit bats have been identified as a possible natural reservoir for ebolaviruses 17 and it is
believed that wildlife, in particular great apes, contract infections with ebolaviruses from
bats 18. Indeed there have been reports of major die-offs among great apes that are thought
to be due to infection with ebolaviruses 19, 20. The first EHF outbreaks among humans were
reported in 1978, and since 1994 there has been on average one outbreak per year, all of
which occurred or originated in central Africa (Figure 2). Some outbreaks are believed to
have occured after contact of humans with infected NHPs, with hunting or butchering of
these animals being risk factors for acquiring EHF. However, direct transmission from bats
to humans has also been suggested as an additional possible route of transmission 21.

In the case of REBOV, the natural reservoir has not been established; however, bats have
been shown to be seropositive for REBOV, and are considered the most likely candidate 22.
In addition to the transmission routes established for African ebolaviruses, transmission
from pigs to humans is considered likely, and it has been shown that pigs shed virus via the
nasopharynx, and under some circumstances also via the fecal route 23.

1.4 Requirements for vaccines against ebolavirus hemorrhagic fever
Outbreaks of EHF are sporadic in nature, and compared to other infectious diseases, have
only a limited impact on public health in terms of case numbers and fatalities. However,
outbreaks of EHF often result in closure of affected health facilities and the death of health
care providing staff, thus causing a much higher impact on public health than is apparent
based on case numbers alone. Also, ebolaviruses are perceived by the public as a
considerable threat, and are classified as potential bioterrorism agents. These properties of
ebolaviruses create particular requirements for an EHF vaccine. In addition, different
scenarios under which an EHF vaccine might be needed result in different requirements for
an optimal vaccine, so that more than one vaccine might be neccessary to meet all these
requirements (Table 1).

There are several different scenarios for an EHF vaccination. The most obvious scenario
would be the vaccination of the complete population living in areas where EHF outbreaks
occur. However, the fact that outbreaks are sporadic and affect comparatively few people,
together with the size of the affected areas (Figure 2) and logistical challenges make a
vaccination of large numbers of people problematic. A much more likely scenario for
vaccination is the control of an ongoing outbreak, during which people in the directly
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affected area are vaccinated in order to limit spread of the disease (commonly referred to as
‘ring vaccination’). This scenario would be very similar to a bioterrorist attack, where
vaccination would also be initiated only after the attack has been identified. Under these
circumstances the timespan between first vaccination and development of immunity is of
paramount importance, and should be as brief as possible. Therefore, a vaccine should
ideally require only a single vaccination, and provide rapid protection. If viral vectors are
used for the vaccine, preexisting immunity against vector components is a considerable
problem under these conditions. Also, due to logistical challenges a vaccine that remains
effective in the absence of a continous cold chain from production to administration is
desirable.

A second scenario for vaccination is of individuals who are at an increased professional risk
to encounter ebolaviruses, which includes health care providers (either in areas where EHF
outbreaks can occur or as part of outbreak response teams) and researchers working with
these viruses. In this case vaccination would happen most likely a long time before any
potential exposure, so that multiple vaccinations or a longer timespan between vaccination
and the development of immunity are tolerable. Also, preexisting immunity might be of less
concern, since current data suggest that a prime-boost approach is able to induce a sufficient
level of protection even in the presence of pre-existing immunity 24. Similarily, vaccine
stability in the absence of a reliable cold chain is less important in this instance. However, a
broad immunity against as many ebolavirus species as possible as well as long-lasting
immunity is extremely important in this case.

The third scenario is the vaccination of great apes, which are at considerable risk for EHF,
and protection of which is not only desirable in terms of conservation efforts, but would also
decrease the risk for human outbreaks considerably, since at least some outbreaks could be
traced back to index cases who acquired the infection from these wildlife species. In this
scenario vaccination would most likely be performed preemptively, since most outbreaks in
NHPs are only recognized in retrospect. Therefore, the timespan between vaccination and
development of immunity is of low importance; however, due to the challenges of
vaccinating wild animals it would be crucial that a single vaccination suffices to induce
protective immunity against as many ebolavirus species as possible. The two principal
means of administering a wild-life vaccine are darting and baiting, with only the latter
seeming to be practical. Therefore, a vaccine that is tolerant against prolonged incubation at
ambient temperatures would be desirable. Alternatively, a diseminating vaccine based on a
recombinant virus expressing ebolavirus antigens that, once released, circulates among the
wild-life, could be used. In any case it has to be ensured that the vaccine is not only safe in
the target population, i.e. NHPs, but also does not cause any adverse side effects in other
animals that may come in contact with the vaccine.

2. Animal models for vaccine evaluation
2.1 Mice

While wild-type filoviruses do not result in lethal disease in adult immunocompetent mice,
there are several models now available based either on immunodeficient mouse strains or
mouse-adapted virus strains. Serial passage in progressively older animals has been used to
produce a mouse-adapted ZEBOV strain 25. This virus is uniformly lethal in BALB/c mice
when given intraperitoneally even at extremely low doses (<1 pfu) 25, 26. Alternatively,
either severe combined immunideficient (SCID), signal transducer and activator of
transcription 1 knock-out (STAT1-/-) or interferon α/β receptor knock-out (IFNAR-/-) mouse
strains can also be used to provide a lethal model after challenge with wild-type ZEBOV
strains 27, 28. While ZEBOV infection in mice results in infection of the same primary target
cells and tissues as human and NHP infection 25, 27, 28, the major limitation of mouse
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models of EHF is that there appears to be little involvement of coagulation abnormalities in
the disease process 29, which is an important hallmark of EHF in NHPs and humans.
Further, while mouse models continue to serve as a first-line choice for the evaluation of
new vaccine approaches, their predictive value for subsequent success in the NHP model is
limited, a feature which has been suggested to be linked to their strong innate antiviral
responses 27. Nevertheless, it is unlikely that approaches that do not show complete
protection in the mouse model will be successful in other animal models. Thus, regardless of
their limitations, they will no doubt continue to be used for screening purposes.

2.2 Guinea pigs
Infection of guinea pigs with wild-type ebolaviruses results in no or very limited clinical
signs, and the establishment of a model has again been based on the generation of guinea
pig-adapted ZEBOV strains 30, 31. As with the mouse model, infection of target cells and
organs mirrors what is seen in NHPs and humans, and in addition there is some evidence of
coagulation abnormalities, although changes in fibrinogen levels are not observed 29, 30.
However, for reasons that remain unclear the guinea pig provides a more stringent
evaluation of vaccine efficacy and is somewhat more predictive of success in the NHP
model than is the mouse model. Unfortunately, significantly fewer tools are available for
immunological research using this animal model.

2.3 Syrian hamsters
Recently, a Syrian golden hamster model has also been developed for studying ebolavirus
infection 32. This model is based on infection of adult hamsters with mouse-adapted ZEBOV
and shows a uniformly lethal outcome. In contrast to other rodent models, the hamster
accurately models the severe coagulation abnormailties associated with EHF, including
alterations in fibrinogen and Protein C levels 32. In addition, this model shows the
dysregulated cytokine production and suppression of Type I interferon responses believed to
contribute to the pathophysiology of filovirus infection 32. However, as with the guinea pig
model, immunological reagents are limited for the hamster model.

2.4 Non-human primates
Ebolavirus infections have been extensively studied in several species of NHPs. While most
research focuses on the use of either cynomolgus (Macaca fascicularis) or rhesus macaques
(Macaca mulatta), in some cases African green monkeys (Chlorocebus aethiops) or baboons
(Papio hamadryas) have also been used. The NHP model is the gold standard animal model
for vaccine and drug testing, since it exhibits both the characteristic pathological and clinical
features seen in human infection 33, 34. Indeed, with almost 100% lethality the NHP model
can be considered to be an even more stringent test of efficacy than would use in the human
population, where infection with the most virulent ebolavirus strains results in an average
case fatality of 78%. Despite being a necessary final step in the demonstration of vaccine
efficacy and a prerequisite for consideration for human use, given the technical difficulty,
expense and especially the ethical considerations associated with NHP research, the decision
to test an approach in NHPs must usually be based on strong supporting evidence for
efficacy in one or more small animal model.

2.5 Immune mechanisms, correlates of protection and the animal rule
Vaccine licensing using the “animal rule”, introduced in 2002 by the US Food and Drug
Administration (FDA), is intended to facilitate licensure for vaccines targeting those agents
for which conventional clinical efficacy trials are not possible. This includes pathogens such
as ebolaviruses, where outbreaks occur only sporadically and high-risk populations in which
to conduct efficacy trials cannot be identified. In these cases the ”animal rule” permits
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efficacy data from studies using animal models that accurately recapitulate human disease
(i.e. the NHP model in the case of EHF) and safety and immunogenicity data in humans to
be used to pursue licensure for use in the human population (reviewed in 35). However, for
this purpose the correlate(s) of protection predictive of survival in the relevant animal model
have to be defined, so that these data can be used to predict human efficacy.

Unfortunately, until now there has been only limited success in defining these correlates of
immunity, although it could be shown that there is some correlation between antibody titres
(but not necessarily neutralizing antibody titres) and survival 35. Further, while the
mechanism of protection for ebolavirus vaccines is not well understood, it has recently been
shown that passive antibody transfer from animals vaccinated with a recombinant
Adenovirus expressing ebolavirus GP is not sufficient to protect against EHF, and that
protection with this vaccine might rather be dependent on CD8+ T cells, even though other
factor still seem to play a role 36. On the other hand, in a recent study it was possible to
protect NHPs against otherwise lethal EBOV infection by passive immunization using
serum from NHPs surviving ebolavirus challenge, showing that at least in principal
antibodies alone can be sufficient to protect against EHF 14. Therefore, the definition of
immune mechanisms and correlates of protection will be an extremely important avenue of
vaccine research in the foreseeable future.

3. Ebolavirus vaccines
Ebolavirus vaccines can be broadly divided into non-replicating and replicating vaccines
(Figure 1)(Table 2), with the former being further divided into inactivated vaccines, subunit
vaccines and vector-based vaccines. In the case of subunit vaccines the immunogen (in most
cases the glycoprotein GP) is delivered in the form of virus-like particles or recombinantly
expressed purified proteins, whereas in vector-based vaccines it is expressed in the vaccinee
from DNA or viral vectors. Non-replicating viral vectors carry deletions of genes essential
for the life cycle of the vector virus. Therefore, these vectors have to be produced while
providing the proteins encoded by the deleted genes in trans, and their life span is restricted
to a single infectious cycle, eliminating many concerns with regard to vaccine safety.
However, in order for these vaccines to be efficacious, often higher doses and/or multiple
vaccinations are required.

In contrast, for replication-competent ebolavirus vaccines, recombinant viruses (based on
viruses other than filoviruses) are generated with the gene encoding the immunogen
integrated into their genome. In contrast to other viruses live-attenuated ebolavirus-based
vaccines, which would also fall into the category of replication-competent vaccines, do not
exist. Vaccines based on recombinant viruses are often very efficacious, but since they are
replicating, it has to be ensured that they cannot cause disease in vaccinees. This is
particularly important when considering the high HIV-prevalence in Africa, and the
potential for underlying (infectious) diseases in vaccinees.

3.1 Non-replicating ebolavirus vaccines
3.1.1 Inactivated vaccines—The first attempts at developing an ebolavirus vaccine used
inactivated viruses, and were performed only a few years after the discovery of ZEBOV and
SEBOV. Formalin or heat-inactivated virus preparations were used for immunization of
guinea pigs, which were subsequently protected from challenge with wild-type ZEBOV 37.
However, since wild-type rather than a guinea-pig adapted ZEBOV variant was used for
challenge, only 29% of non-vaccinated control animals succumbed to infection, raising
some doubt about the efficacy of the vaccine. Later attempts at using inactivated virus for
vaccination utilized irradiated ZEBOV, which was 100% protective in a nearly 100% lethal
mouse model of infection after two vaccinations if formulated together with liposomes and
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given intravenously 38. However, this vaccine failed to protect NHPs, despite the fact that
the animals developed an antibody response against the vaccine, including neutralizing
responses 38, 39.

3.1.2 Replicons—Another early attempt at vaccine development involved alphavirus
replicons. To this end the structural genes of Venezuelan equine encephalitis virus (VEEV)
were replaced by ZEBOV GP, and the resulting replicon was expressed from an RNA
expression vector and packaged into virus-like particles by providing the structural VEEV
proteins in trans. These replicon-containing VLPs were then used for vaccination, and in
vaccinated animals the non-structural VEEV proteins encoded by the replicon led to its
replication and high-level expression of ZEBOV GP. However, since in vaccinated animals
no structural VEEV proteins are expressed, no progeny VEEV particles can be produced,
limiting the life span of the VEEV replicon-containing VLPs to a single infectious cycle.
These vaccines were highly protective in mice after two vaccinations and in guinea pigs
after three vaccinations 40, but they failed to protect NHPs 39.

Recently, a similar approach was taken using Kunjin virus replicons and protected between
25% and 86% of ZEBOV challenged guinea pigs, depending on the vaccine dose and the
immunogen used 41. However, this vaccine has not been evaluated in NHPs, and based on
the experiences with the VEEV replicon, which showed 100% protection in guinea pigs, it is
doubtful whether the Kunjin virus replicon in its current form will be protective in these
animals.

3.1.3 DNA vaccines—DNA vaccines for ebolaviruses have been shown to be protective
in mice and guinea pig models. While initially 4 to 5 vaccinations were required to reach
100% protection in mice 42, increasing the dose led to 100% survival in mice after two
vaccinations and 100% survival in guinea pigs after 3 vaccinations 43, 44. In NHPs DNA
vaccines have been tested in combination with a boost using a replication-deficient
recombinant Adenovirus expressing ZEBOV GP 44, and this was the first approach to
succesfully protect 100% of NHPs against an otherwise lethal challenge. However, given the
fact that the recombinant Adenovirus by itself is able to induce 100% protection, it is not
clear to what extent the DNA component of this approach contributed to this success.
Nevertheles, in an initial phase 1 clinical trial a DNA vaccine has been shown to be safe and
produce antibody as well as T-cell responses in humans after three vaccinations 45.

3.1.4 Recombinant Adenoviruses—Recombinant Adenoviruses were first used as a
boost in combination with DNA vaccines. While this vaccination strategy protected 100% of
challenged NHPs, more than 6 months were required to complete the immunizations.
However, when using the recombinant Adenovirus alone, 100% protection was achieved
after only 4 weeks, even though antibody titers were lower than when using the combined
DNA/Adenovirus strategy 46. Vaccination dose has been shown to be extremely important
for vaccine efficacy, with at least 1×1010 virus particles being required to achieve 100%
protection in NHPs 47. Attempts to lower this dose by using optimized expression casettes
for the immunogen have been successful in mice 48, but have not yet been evaluated in NHP
models.

Adenovirus-based vaccines have also been used to achieve protection against multiple
strains of ebolaviruses. A recombinant Adenovirus expressing both the glycoprotein of
ZEBOV and of SEBOV protected NHPs against challenge with either virus after a single
vaccination 24. Also, a blended vaccine containing Adenoviruses expressing either ZEBOV
GP or SEBOV GP and given as part of a combined DNA/Adenovirus vaccination scheme
induced crossprotection against BEBOV, an ebolavirus strain that was not included in the
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vaccination 49. This demonstrates that it should be possible to generate a broad immune
protection against ebolaviruses that covers newly emerging species.

Similar to DNA vaccination, the Adenovirus vaccine has been evaluated in a phase 1 clinical
trial, and was found to be safe in all vaccinees 50. GP-specific T-cell responses, which have
been shown to be the major correlate of protection for the Adenovirus vaccine in NHPs 36,
were detected in 25 to 45% of vaccinees, depending on the vaccination dose and the species
from which the GP gene was derived.

One considerable problem with the Adenovirus vaccine platform is that of preexisting
immunity. The original recombinant Adenovirus vaccine is based on Adenovirus serotype 5
(Ad5), to which between 60 and 90% of adults are seropositive, depending of their country
of origin 51. In rodent 52-55 as well as NHP models 56 preexisting immunity against Ad5 has
severly impaired the efficacy of the Ad5 vaccine, and in the clinical trial of the Ad5 vaccine
individuals who were seropositive for Ad5 before vaccination had a significantly lower
antibody response rate and antibody reponse magnitude after vaccination 50. Several
strategies have been developed to overcome this problem, including the use of different
Adenovirus serotypes as vectors 55-57, changes in vaccine delivery route 52-54, and changes
in the number of vaccinations 24. In the NHP model increasing the number of Ad5
vaccinations to 2 has been shown to overcome preexisting immunity against Ad5 24. Also,
vaccines based on Ad26 and Ad35, to which seroprevalence is much lower, have been
shown to provide 100% protection against challenge with ZEBOV, but only after 2
vaccinations 56.

3.1.5 Subunit vaccines—Subunit vaccines for ebolaviruses can be divided in classical
subunit vaccines which use purified recombinantly expressed viral proteins, and virus-like
particles (VLPs). There are few studies that have attempted the use of classical subunit
vaccines for ebolaviruses. Baculovirus-derived GP given subcutaneously into guinea pigs
resulted in 50% protection after 3 immunizations 58. Recently, a subunit vaccine in which
the ectodomain of ZEBOV GP is fused to a human Fc fragment for the purpose of
purification was shown to protect 83% of challenged mice after 4 vaccinations 59. Further,
one study has evaluated the use of immunocomplexes as vaccines. In this approach GP1
fused to an anti-GP antibody was produced in plants, and the resulting immunocomplexes
were shown to protect 80% of mice against challenge after 4 vaccinations 60. However,
compared to other vaccination strategies these classical subunit vaccines currently lack in
protective efficacy, and further improvements will be necessary before tests in NHPs can be
justified.

In contrast the more complex VLP-based vaccines are highly promising. Expression of the
matrix protein VP40 in mammalian cells leads to the budding of VLPs. These particles
incorporate other viral proteins if they are coexpressed, and this has been exploited for
vaccine purposes by generating VLPs containing VP40 and GP, and in some cases also NP.
These VLPs have been shown to be protective in rodents 61, 62, and also in an NHP model
where they protected against challenge after 3 vaccinations 63. At least in mice vaccination
efficacy has been shown to be dose dependant 64, and it might be difficult to produce the
amounts of VLPs needed for vaccination of humans using 293T cells, which are commonly
used for VLP production. In order to address this problem, recent studies have shown that
VLPs can also be produced in insect cells using the baculovirus expression system, which is
more amenable to large-scale production under good manufacturing production (GMP)
conditions, and that they protect mice, although they have not yet been evaluated in
NHPs 65.
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3.1.6 Replication-deficient Ebolaviruses—Reverse genetics have made it possible to
generate genetically engineered ebolaviruses 66, and this has been exploited to generate an
ebolavirus in which the gene encoding for the transcriptional activator VP30 has been
deleted (rEBOVΔVP30) 67. In order to grow this virus, VP30 has to be provied in trans (e.g.
by a cell line stably expressing VP30, which was developed for this purpose), and while the
produced rEBOVΔVP30 can infect target cells, it does not produce infectious progeny in the
absence of VP30, thus limiting the life span of this virus to one infectious cycle.
Consequently, this virus has been shown to be non-pathogenic in STAT1-KO mice.
However, rEBOVΔVP30 was still able to protect 100% of both mice and guinea pigs
against an otherwise lethal challenge after 2 vaccinations 68.

Because of the recombinant nature of rEBOVΔVP30 and the fact that its genome still
contains more than 95% of the original ZEBOV genome, some concerns exist with respect
to vaccine safety, and particularly the generation of viruses which have reintegrated VP30
into their genome. However, sequential passaging in VP30-expressing Vero cells has shown
that there are no recombination events, which could lead to the reintegration of VP30 into
the genome, over at least 7 passages. Also, according to our current understanding of
filovirus biology there is no possibility for such recombinantion events.

3.2 Replicating ebolavirus vaccines
3.2.1 Recombinant VSV—The first replicating ebolavirus vaccine shown to be protective
in NHPs was based on a recombinant VSV (rVSV). In this virus the VSV glycoprotein was
replaced with ZEBOV GP, and the resulting virus (rVSV/ΔG/GP) was 100% protective in
NHPs after a single vaccination 69. No ZEBOV replication could be detected by virus
isolation or RT-PCR in vaccinated NHPs after challenge, and vaccinated animals showed no
signs of disease. Since rVSV/ΔG/GP is replication competent, a relatively small dose of
recombinant virus (compared to the replication-deficient Adenovirus platform) was required
for successful vaccination (1×107 PFU of rVSV/ΔG/GP vs. 1×1010 particles of Ad5/GP),
and in experiments in mice the dose for 100% successful vaccination could be be lowered to
as little as 2 PFU 70. A transient rVSV viremia may occur in vaccinated animals, but no
adverse effects were observed despite the rVSV/ΔG/GP or closely related vaccines using the
same platform being administered to more than 100 NHPs 69, 71-82. Neurovirulence, which
can be a potential problem after infection with wild-type VSV, does not occur in NHPs
intrathalamically infected with rVSV/ΔG/GP 82. Also, rVSV/ΔG/GP was tested in NHPs
infected with simian-human immunodeficiency virus (SHIV), and despite their
immunocompromised status the vaccine did not cause any clinical illness, fever, or local
reaction at the vaccination site 74. rVSV viremia in immunocompromised animals was low
and did not last longer than in immunocompetent animals. Despite their underlying SHIV-
infection the vaccine was able to protect 4 out of 6 NHPs, with the two animals that
succumbed to infection showing the lowest CD4+ cell counts. This study not only
underlines the safety of rVSV/ΔG/GP, but is of particular importance due to the high
prevalence of HIV in areas with ebolavirus outbreaks. The rVSV vaccine has been shown to
be 100% protective in NHPs after mucosal immunization through the oral or intranasal
route 76, and to protect against a ZEBOV aerosol challenge, which is considered the most
likely scenario for a bioterrorist attack 73. Recent studies have focused on trying to generate
vaccines that protect against more than one ebolavirus species, and a blended formulation of
three rVSV/ΔG/GP viruses encoding GP from ZEBOV, SEBOV and Marburg virus was
able not only to protect against challenge with any of those viruses, but also against
challenge with CIEBOV 75.

Surprisingly, the recombinant VSV platform has also shown success in post-exposure
vaccination, and 100% of challenged mice as well as hamsters can be protected by
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vaccination with rVSV/ΔG/GP as late as 24 hours post challenge 71, 83. In guinea pigs and
NHPs the survival rates are somewhat lower, but still reach 83% and 50%, respectively, if
the vaccine is administered within 30 to 60 minutes post exposure 71, which is a realistic
timeframe for response to a laboratory accident. Given the fact that EHF seems to be
somewhat less pathogenic in humans than in NHPs, this timeframe might even be longer for
humans. In fact, after an accidental exposure to ZEBOV in a biosafety level 4 laboratory the
researcher was treated with rVSV/ΔG/GP 48 hours after the incident 84. Transient low level
rVSV viremia was observed on day 1 and 2 post vaccination, and on day 1 after vaccination
the patient showed fever and myalgia. Other then that, no adverse effects were observed, and
RT-PCRs against ZEBOV L remained negative. While it is not possible to confirm whether
the patient was actually infected with ZEBOV, this case is a first indication of the safety of
the rVSV vaccine platform in humans. Nevertheless, a perceived safety risk remains a
problem for this platform, although there are numerous studies clearly showing its safety in
NHPs, together with the fact that the correlates of protection, as well as the mechanism of
action for the postexposure vaccination, are not known.

3.2.2 Recombinant Human Parainfluenzavirus type 3—Another negative-sense
RNA virus that has been successfully used as a vaccine platform against ebolaviruses is
human parainfluenza virus type 3 (HPIV3). HPIV3 is a common human respiratory
pathogen, and was chosen in order to attempt vaccination via the respiratory route. A
transcription casette encoding the GP gene was inserted between the P and M genes of
HPIV3, giving rise to a recombinant HPIV3 virus (rHPIV3/GP) which in addition to its own
surface proteins also carried ZEBOV GP on its surface 85. This virus was 100% protective in
guinea pigs after a single vaccination 85, and protected 100% of NHPs after 2 vaccinations,
with no signs of EHF disease or viremia in these animals 86.

Similar to Adenoviruses, there is a high seroprevalence for HPIV3 among humans, which
could cause problems with respect to preexisting immunity. In order to overcome these
problems, a second generation rHPIV3 vaccine has been developed in which the genes for
the HPIV3 surface proteins HN and F were deleted, and the ZEBOV GP takes over their
function (rHPIV/ΔHN-F/GP) 87. This virus was highly attenuated in vivo and did not
disseminate beyond the respiratory tract in guinea pigs, yet it protected 100% of challenged
guinea pigs after a single vaccination. In NHPs this vaccine was equally immunogenic in
both HPIV3 seropositive and HPIV3 seronegative animals, but no data from challenge
experiments are available at this point 88.

3.2.3 Rabies—Rabies virus, which is closely related to VSV, has also been explored as a
vaccine platform against ebolaviruses. This platform is particularly interesting since the live-
attenuated Rabies strain that was used as the basis for the vaccine is already used for rabies
wildlife vaccination in Europe. For the purposes of the ebolavirus vaccine, this strain was
further attenuated by introducing a point mutation in the Rabies glycoprotein G gene, in
order to further reduce neurovirulence. ZEBOV GP was introduced as an additional
transcriptional unit between the N and P gene, and variants both retaining rabies G
(BNSP333-GP) or with a deletion of G (BNSPΔG-GP) were generated. None of the
recombinant viruses caused any disease after intramuscular, intranasal or intraperitoneal
infection of mice 89. Further, even intracerebral inoculation of suckling mice, which is
associated with neurovirulence in the case of the Rabies vaccine strains currently in use for
wildlife vaccination, did not result in any clinical signs or lethality in the case of the
BNSPΔG-GP virus, even though the BSNP333-GP remained neurovirulent in this very
stringent model. A single vaccination with the BSNP333-GP virus protected 100% of mice
from ZEBOV lethal challenge, and interestingly inactivated BNSPΔG-GP was also able to
protect 100% of mice after a single vaccination if a modified form of the ZEBOV GP, which
consisted of the ZEBOV GP ectodomain and transmembrane domains but the rabies G
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cytoplamic domain, was used 89. This is of particular interest since inactiviation protocols
for human Rabies virus vaccines are well established, and since this vaccine is the only
inactivated EHF vaccine that completely protects against challenge after a single vaccination
in the rodent model.

3.2.4 Cytomegalovirus—Recently, a new approach aimed at an ebolavirus wildlife
vaccine has been proposed using Cytomegalovirus (CMV) as a disseminating vaccine
platform. This herpesvirus, which establishes a life-long persistent, but benign infection
within its host is highly immunogenic, and in a proof-of-concept study a recombinant CMV
expressing a single T-cell epitope from ZEBOV NP was used to fully protect mice against
challenge after two vaccinations 90. While the idea of introducing a recombinant virus as a
disseminating vaccine into the wild raises significant concerns, several arguments have been
brought forward to meet these concerns. First it has been argued that CMV is already
ubiquitous in all primate species studied, and second it has been argued that CMV should be
highly host specific. Nevertheless, significant further study both with respect to efficay and
safety will be required before this vaccine can be considered for use.

4. Conclusion
While no ebolavirus vaccine is currently licensed, a number of vaccine candidates are 100%
protective in NHPs, which represent the most sensitive model for EHF. Most of the
successful vaccines are based on recombinant viruses, in whose genome the ebolavirus GP
gene was introduced. In addition, virus-like particles bearing GP on their surface have been
shown to protect NHPs. While non-replicating vaccines are associated with fewer perceived
safety concerns than replicating vaccines, the latter generally produce a better protection
even at lower doses and with fewer vaccinations. Also, despite extensive testing in the case
of some of the replicating vaccines, until now no adverse effects have been observed in
NHPs for the most succesful candidates. Open questions that remain are the duration of
immunity, since there is currently only very limited data on long-term protection, and the
mechanisms and correlates of protection. Also, cross-protection using a single vector has yet
to be achieved, although approaches using blended vaccines are already able to provide
cross-protection.

Expert opinion
The last years have seen significant progress in terms of ebolavirus vaccine development,
and we now have a number of candidates that perform extremely well in the NHP model.
The challenge that remains is to proceed with these vaccine candidates into preclinical and
clinical trials and eventually seek licensure under the animal rule. The vaccine candidate that
has progressed the furthest in this respect is the Ad5-based vaccine, which has been been
produced under GMP conditions and has been clinically tested with results showing that it
was well tolerated in 23 healthy adults. However, if T-cell responses really are the major
mechanism of protection, a single vaccination might not be sufficient for this vaccine
platform, since only 25% to 45% of vaccinees developed T-cell responses, depending on the
vaccination protocol. Nevertheless, this vaccine is the most promising candidate for a
preventive vaccination of individuals that are at an increased risk for exposure to
ebolaviruses, since for this group a multiple vaccination approach would be acceptable. A
feasible alternative would be the VLP-based vaccine, although more vaccinations will be
required for this vaccine to be protective, and large scale production of this vaccine remains
an issue.

However, for an outbreak or bioterrorist attack scenario the Ad5 vaccine might be less
adequate, since in this case a rapid protection after only a single injection is paramount.
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Most promising in this respect is the rVSV vaccine, which seems to be at least partially
protective even post-expoure. This vaccine was safe in more than 100 NHPs and the one
human who has received it to date. Unfortunately, until now it has not been produced under
GMP conditions, and also neither the correlates nor the mechanisms of protection have been
established, and these two points will have to be addressed before this vaccine can be tested
in humans. However, the case of an potential laboratory acquired infection in Germany has
shown that already now it might be prudent to use experimental vaccines for laboratory
acquired infections, due to the low risks associated with these vaccines as compared to the
often fatal outcome of a laboratory acquired ebolavirus infection. Biosafety level 4
laboratories working with ebolaviruses should explore possibilities to establish protocols for
the use of the rVSV vaccine in case of such an accident, and the possibility to store it on-site
to ensure a minimal time between accidental exposure and post-exposure vaccination.

While for a wild-life vaccination the rVSV platform would most likely also be very
efficient, the fact that VSV is an animal pathogen might prohibit release of rVSV-GP in the
wild, although this virus is considerably attenuated as compared to wild-type VSV. For this
scenario the Rabies platform is extremely promising, particularly since there is considerable
experience using this platform for wild-life vaccination against Rabies. However, this
vaccine has not yet been tested in NHPs, and this is the obvious next step in moving this
vaccine platform forward.
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Article highlights

• a number of vaccine candidates against Ebola hemorrhagic fever that are highly
protective in non-human primates already exist

• future efforts should focus on advancing these candidates into a vaccine licensed
for use in humans and/or wildlife (i.e. NHP) populations

• in order to do so future studies need to establish the correlates and mechanisms
of protection for these vaccines, and address remaining safety concerns

• recombinant Adenoviruses expressing ebolavirus GP have been shown to be
highly protective in non-human primates as well as safe and immunogenic in
phase 1 clinical trials in humans, and are presently the most promising candidate
for a preventative vaccine

• recombinant Vesicular Stomatitis Viruses expressing ebolavirus GP have been
shown to be highly protective and safe in non-human primates, and are the only
platform that offers post-exposure protection; these viruses are the most
promising candidate for a vaccine to be used in an outbreak situation or in
response to a bioterrorist attack

• recombinant Rabies viruses expressing ebolavirus GP are a promising candidate
for wildlife vaccinations due to the extensive practical experience with this
platform, if they can be shown to be protective in wildlife species such as the
great apes
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Figure 1. Structure of ebolavirus and of ebolavirus vaccines protective in NHPs
Shown are schematic representations of ebolavirus (center) and VLP, rAd5, rVSV and
rHPIV3 vaccine particles, as well as of the recombinant virus genomes for rAd5, rVSV and
rHPIV3. Ebolavirus genes and proteins are shown in color (blue: glycoprotein, yellow:
matrix proteins, red: nucleocapsid proteins), whereas genes and proteins of the vaccine
vectors are shown in gray. For the rAd5 genome deletions in the E1 and E3 regions are
indicated.
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Figure 2. Ebolavirus outbreaks among humans
Shown are all ebolavirus outbreaks since the initial discovery in 1976 (blue: ZEBOV, green:
SEBOV, orange: CIEBOV, purple BEBOV).
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Table 1

Desired characteristics of an ebolavirus vaccine for different vaccination scenarios

characteristic outbreak response vaccination preventative vaccination of risk
groups

wild-life vaccination

rapid protection essential not essential not essential

long-lasting immunity desirable, but not essential essential essential

cross-protection against
multiple species

desirable, but not essential, since species
causing outbreak can be rapidly

determined

essential essential

number of vaccinations single vaccination essential multiple vaccination tolerable single vaccination essential
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