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Introduction

On 26 December 2013, when an 18-month-old boy in Meliandou, Guinea developed a fatal illness
characterized by fever, black stools, and vomiting, the global scientific community were unaware of
the significance of what this heralded. The responsible pathogen was later identified as the Zaire
species of the Ebola virus and the World Health Organisation (WHO) issued a public announcement
on the 23 March 2014, where 49 cases and 29 deaths were officially reported (1). Subsequently, we
have witnessed the largest and most devastating outbreak of Ebola virus disease (EVD) resulting in
more cases and deaths than all previous outbreaks combined. Ebola first appeared in 1976 in
simultaneous outbreaks in Sudan and Democratic Republic of Congo (DRC) and takes its name from
the Ebola River in DRC (2, 3). It is a large, negative-strand RNA virus composed of 7 non-segmented
genes encoding viral proteins, including a single glycoprotein (GP) (4, 5). The GP comprises two
subunits, which appear as trimeric spikes on the virus surface (6). It plays a pivotal role in cell
attachment, fusion and cell entry and its broad cellular tropism results in multisystem involvement
and associated high mortality (6). Therefore, the GP has become the key antigenic target for the

development of vaccines against EVD.

Setting the stage — Ebola vaccine development prior to the 2014 West African outbreak
Commencing soon after the initial identification of the virus, the first attempts at vaccine
development used an inactivated whole virus. This approach never progressed to clinical trials due

to potential safety concerns, and failure to demonstrate efficacy in the more predictive non-human
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primate (NHP) model (7) despite some earlier efficacy in guinea pigs (8). Recognition of the potential
of DNA and viral-vectored vaccines during the 1990s resulted in the first pre-clinical studies
expressing the envelope GP or nucleocapsid protein (NP) genes of Ebola virus (9, 10). Efficacy against
lethal challenge was demonstrated in the ‘gold standard’ model of cynomolgus macaques when

administered singly or in combination prime-boost regimes (10-12).

The first ever human clinical trial to administer an Ebola vaccine in 2003 used a three-plasmid DNA
vaccine encoding the transmembrane-deleted (ATM) GP from the Zaire and Sudan species as well as
NP, which showed that a 3 dose-schedule was safe and immunogenic (13). Second was a replication-
defective, recombinant human adenovirus serotype 5 vaccine (rAd5), which encoded GP genes with
a point-mutation (PM). A single vaccination successfully induced T cell and humoral responses
against the insert though the latter was partially blunted by pre-existing immunity to Ad5 (14). Non-
human primate (NHP) studies, ongoing in a similar timeframe to these human clinical trials, showed
that ATM GP and PM GP antigens conferred inferior protection to wild-type (WT) GP, which

subsequently became the focus of vaccine development (11).

The second clinical trial of a DNA Ebola vaccine assessed safety and immunogenicity of constructs
encoding WT GP from Ebola virus Zaire (EBOV) and Sudan (SUDV) species and the Marburgvirus
Angola strain (15). Though these trials demonstrated acceptable safety profiles, multiple doses were
required and immune responses waned without the administration of a homologous booster dose at

32 weeks (13, 15), and similar findings were shown in a Phase Ib study in Uganda (16).

Strategies to circumvent pre-existing immunity to Ad5 resulted in exploration of the use of serotypes
that seldom circulate in humans (e.g. Ad26 and Ad35) and chimpanzee adenoviruses, which have a
low human seroprevalence. Promising efficacy data in NHP models showed that rAd26-GP at a dose
of 10" viral particles (vp) when given as a single-shot, resulted in 75% efficacy against EBOV
challenge. In the same study, a 4 week heterologous prime-boost regime with rAd26-GP/rAd35-GP

resulted in 100% efficacy when macaques were challenged 4 weeks post-boost (17). Both
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recombinant chimpanzee adenovirus serotype 3 (ChAd3), a subgroup C adenovirus with properties
similar to those of Ad5, and serotype 63 (ChAd63) vectors were also considered for development of
a new Ebola virus vaccine. Both vectors were shown to be safe in human studies evaluating
candidate vaccines for other infectious diseases (18, 19). An efficacy study in NHP of the ChAd3 in
both monovalent and bivalent preparations expressing EBOV and SUDV GPs demonstrated 100%
efficacy against EBOV challenge with no detectable viraemia (20). Furthermore, durable protection
to EBOV challenge 10 months after vaccination was observed when a heterologous boosting
vaccination of replication deficient modified vaccinia Ankara (MVA) expressing both GPs was
administered 8 weeks post ChAd3 prime. This effect was not seen when boosted with either the
same vector or ChAd63, which itself had shown limited immunogenicity and protective efficacy.
Hence, the ChAd3 vector was favoured for development into an investigational vaccine for human
clinical trials. The well recognised ability of MVA vaccines to provide excellent boosting effectin a
number of infectious diseases (21, 22) and the durable efficacy observed in the NHP studies (20)

provided evidence for the inclusion of a MVA boost vaccine in human clinical trials.

In addition to the above replication-deficient viral vectors, a recombinant, replication-competent
vesicular stomatitis virus (rVSV)-based vaccine encoding EBOV GP had also progressed through
preclinical development with encouraging efficacy data in NHP primates (23, 24). It had also been
successfully administered to one patient on a compassionate basis for post-exposure prophylaxis

following a needle stick injury (25).

Ebola vaccine development since the outbreak

Prior to the 2014 West African outbreak there had only been four completed Phase | vaccine clinical
trials in the 38 years following the discovery of the virus (13-16). As the outbreak spread rapidly from
Guinea to neighbouring countries, Sierra Leone and Liberia with unprecedented number of cases
and deaths, the WHO declared this a Public Health Emergency of International Concern (PHEIC) on

8™ August 2014, by which point over 900 people had succumbed to the disease. In addition to other
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control measures orchestrated by the WHO and local stakeholders, this announcement heralded
extraordinary efforts from the global scientific community to accelerate the development of an
Ebola vaccine, ideally one for use in an outbreak setting. National and international efforts to
provide funding, coordination, regulatory and ethical review support, expert advice and industrial
and manufacturing support were initiated at remarkable speed. Funders included the Wellcome
Trust, the European Commission, the US National Institutes of Health (NIH), the UK Medical
Research Council, Departments for International Development and Health, and the Bill and Melinda
Gates Foundation, many of whom introduced accelerated review mechanisms. Regulatory and
ethical reviews of clinical trial protocols were accelerated in Europe, north America and Africa. New
vaccines were rapidly designed, developed and manufactured in the US, Europe and Asia with trials
rapidly initiated in these continents, Africa and Australia. Coordination activities were led by the
WHO with strong input from several major vaccine manufacturers, regulators, public health experts
and authorities from the affected countries and regions, academics, funders and relevant non-

governmental organisations.

The two leading vaccine candidates that entered Phase | clinical studies in centres in three
continents were the monovalent and bivalent ChAd3-vectored vaccine and the rVSV-vectored
vaccine, both encoding the GP from the Ebola virus. These immediately accessible vaccines, in
addition to a multi-valent MVA-vectored vaccine and an Ad26-vectored vaccine had been
manufactured to Good Manufacturing Practice standards earlier, at times some years earlier,
supported largely by biodefense funding allocated to develop vaccines that would protect better-off

populations from a potential bioterrorist attack.

The numerous Ebola vaccines in clinical development have been reviewed extensively previously (6,
26), so we will subsequently focus on lessons learned from this outbreak for vaccine development,
its impact on the future of this field and outbreak management. However, a brief summary of all the

vaccines in clinical development precedes this perspective.
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Chimpanzee adenovirus 3 vectored vaccine

ChAd3-vectored vaccines expressing the Ebola glycoprotein, both in monovalent and bivalent forms,
were the first vaccines to be administered to humans as part of this new wave of clinical trials, in the
UK, Europe and US (27-29), and subsequently in Mali (30). These trials were based on early positive
pre-clinical studies in non-human primates by the Sullivan group at NIH (20) partnered with the
Okairos biotechnology company in Italy, subsequently acquired by GSK. Encouraging clinical safety
and immunogenicity provided the basis to commence a large Phase lll trial in Liberia, eventually
amended to a phase Il design due to the decline in new cases of EVD (ClinicalTrials.gov
NCT02344407). Clinical trials assessing this vaccine in children aged 1-17 years in Nigeria, Mali and
Senegal are ongoing (ClinicalTrials.gov NCT02548078). In addition to single shot vaccine assessment,
it has been trialed with prime-boost regimes using MVA (30, 31) and Ad26 vectors (ClinicalTrials.gov

NCT02495246).

Vesicular stomatitis virus vectored vaccine

Phase | clinical trials with this replicating vectored vaccine commenced across Europe and Africa
shortly following initiation of the ChAd3 trials (32-34). Initial safety concerns were raised due to 10-
20% of healthy volunteers reporting severe adverse events. Specifically, arthralgia and arthritides of
concern, sometimes associated with VSV in synovial fluid were reported in a trial in Geneva.
Objective fever was also reported in 25-30% of volunteers (32). However, this vaccine candidate was
chosen along with the ChAd3 vector by the WHO to be used in two sequential Phase lll randomised
trials in Guinea employing an innovative ring vaccination strategy. Both the ChAd3 and rVSV vaccines
could not be tested in parallel and the rVSV was chosen to be assessed first, and by the time this
assessment was complete there were too few incident cases to evaluate the ChAd3 vaccine. This
landmark trial provided the first evidence of an Ebola vaccine which is highly efficacious and could
be stockpiled to curtail future outbreaks (35, 36). Detailed analysis of the safety profile in this

population is not described; however, the majority of adverse events were mild. The two serious
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adverse events deemed to be related to vaccination resolved without sequelae (35). A further study
in Switzerland showed dose reduction, despite improving early reactogenicity, resulted in similar
levels of arthritis and reduced immunogenicity (33), consistent with a real difference in the incidence

of vaccine-induced arthritis between Europe and West Africa.

Modified vaccinia Ankara vectored vaccine

MVA-BN-Filo, a quadrivalent vaccine encoding the GPs from both EBOV and SUDV, and also the GP
from Marburg virus and the NP from the Tai forest strain of Ebolavirus, was the first poxvirus vaccine
to be tested in clinical trials. It showed the ability to boost cellular and humoral immune responses
many-fold, including neutralising antibodies (31). Testing of very short prime-boost regimes,
preferable in outbreak settings, encouragingly suggested immune responses observed using

schedules with intervals of 1-2 weeks were comparable to the traditional 8 week interval (31).

The first study to assess the monovalent formulation, MVA EBO Z manufactured in a novel
immortalised duck retinal cell line, also tested a very short prime-boost interval of one week and

again comparable responses to a 4 week interval were observed in UK adults (37).

Human adenovirus vectored vaccines

A human adenovirus vector (Ad26) was first trialed in regimes with MVA-BN-Filo as both a prime and
boost vaccination with intervals of 2, 4 and 8 weeks. Safety profiles observed in this study were
acceptable and durable cellular and humoral immune responses were observed at 8 months. Though
the MVA prime did not induce an initial immune response in contrast to the Ad26 prime, IgG
responses observed at 21 days post boost were slightly higher in the MVA-Ad26 group compared to
the Ad26-MVA group (38). Ad26 has also been tested in a heterologous prime-boost regime with the
ChAd3-vectored vaccine (ClinicalTrials.gov NCT02495246). Further assessment of safety and
immunogenicity including durability of Ad26-MVA regimes are ongoing (ClinicalTrials.gov
NCT02661464) and a large phase 3 trial of Ad26-MVA vaccination is in progress in Sierra Leone

(ClinicalTrials.gov NCT02509494). There has been very little attention to clinical vaccine
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development for the Sudan strain of Ebolavirus during the West African outbreak but just recently a
phase I trial of a multi-valent Ad26 vector (Ad26.Filo) in a heterologous prime-boost regime with

MVA-BN-Filo has commenced (ClinicalTrials.gov NCT02860650).

Recently, a rAd5-vectored vaccine encoding the GP of the 2014 outbreak strain was shown to be safe
and highly immunogenic in healthy adults in China and Sierra Leone (39, 40), though higher doses of
1.6 x 10" vp were required to overcome pre-existing immunity to rAd5 (39). In addition, responses

waned after 4 weeks, though homologous boost at 6 months resulted in several-fold higher antibody

responses (41).

Other vaccines in the pipeline

The impetus harnessed from the outbreak for Ebola vaccine development still persists and there are
a number of other candidates in either pre-clinical or clinical studies. Viral-vectored and virus-like
particle-based vaccines are the predominant type of vaccine being assessed and include a
Venezuelan equine encephalitis virus (VEEV)-like replicon particle vaccine, a human parainfluenza
type 3 (HPIV3) based vaccine, a recombinant cytomegalovirus based vaccine and a recombinant
rabies virus based vaccine. Of these, only the HPIV3-based vaccine has entered human clinical trials
in the US and is administered intranasally (ClinicalTrials.gov NCT02564575). Virus like particle (VLP)
protein-based vaccines have also been in development and one of these candidate vaccines EBOV
GP VLP has been tested in a Phase | clinical trial (ClinicalTrials.gov NCT02370589) in which initial

results suggest encouraging safety and immunogenicity with a two dose regimen (42).

Ring vaccination strategy

The concept of ring vaccination was developed in the late 1960s and was part of a new strategy from
the smallpox eradication campaign. A focus on surveillance and containment was paramount in the
achievement of the eradication target as mass vaccination strategies had proven to be insufficient in

developing countries (43). Since then, vaccination of contacts and people at risk has been used as a
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control strategy during small and contained Varicella, Measles, Mumps and Rubella outbreaks,
preventing second and third waves of infection (44). Until the Ebola ¢a Suffit! trial, the evidence
behind the strategy in humans was limited solely to reports from the smallpox eradication campaign
in the 1970s, a household contact trial of a meningitis vaccine in Nigeria (45) and mathematical

modelling approaches.

The results from Ebola ¢a Suffit! demonstrated that conducting efficacy trials under challenging
circumstances of epidemics is feasible and similar methods could potentially be applied in other
infectious disease epidemics, bearing in mind the epidemiological characteristics of the disease and
the surveillance infra-structure in place (36, 46-48). Effectiveness of ring vaccination strategies rely
on a vaccine being efficacious soon after a single dose, transmission patterns (e.g. close human
contact) a relatively low R, (the basic reproduction number, or the average number of cases
generated by a single case), duration of the incubation period and most importantly, a well-
structured surveillance system where infectious cases are rapidly diagnosed, isolated and contacts
vaccinated promptly. Mathematical modelling studies suggest that ring vaccination strategies could
effectively contain an outbreak caused by deliberate release of smallpox as a consequence of

bioterror, provided contact tracing is feasible and Ry is low (49-51).

Vaccine mediated immunity and correlates of protection

An immune correlate for a potential vaccine’s efficacy can be regarded as a marker of vaccine-
induced immunity that would be predictive of protection. This has been highly sought by EVD
vaccine developers since the outbreak as such a marker could theoretically support expedited
licensing under the FDA’s animal rule (52). Despite the acceleration of clinical trials following the
PHEIC and exploration of the immune mechanisms (53) that may underpin protection, such a
correlate has remained difficult to firmly define (54, 55) with GP specific antibody titres being the

most thoroughly examined (52, 56).
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Multiple phase 1 trials with humoral immunogenicity outcomes have shown that the rVSV-vectored
vaccine effectively induced GP specific antibodies (32-34). The findings of Regules et al amongst
healthy volunteers in the US demonstrated the vaccine induced titres against both Zaire-Mayinga
and Zaire-Kikwit strain GP that was dose dependent. Similarly, clinical trials administering single dose
ChAd3-vectored vaccines demonstrated comparable anti-GP I1gG (28), including neutralising activity

and this can be significantly increased with a boosting dose of MVA, even at a short interval (31).

Evidence for vaccine mediated humoral protection against EVD has been suggested by NHP efficacy
studies (20, 23, 24) and includes analysis by Sullivan et al of antibody levels in sera from vaccinated
macaques, which could theoretically define a threshold titre, above which there is 100% survival on
challenge (52). The modest level of antibody immunogenicity induced by the rVSV vaccine after 14
days, a time when where was clear evidence of high vaccine efficacy and negligible T cell
immunogenicity, suggest that a quite low level of vaccine-induced antibody may suffice for
protection. This appears to conflict with the much higher level (perhaps 10-fold) of antibody
required for efficacy in NHP studies (52). A possible resolution is that the level of antibody required
to protect against the very large challenge inoculum used in NHP trials is much greater than that

required for protection against natural infection in West Africa.

One study with the rVSV-vectored vaccine has also shown depletion of CD4+ T cells during
vaccination is associated with blunted antibody response and subsequent loss of protective efficacy
(56). The emerging potential of antibody therapeutics in EVD also suggests that strong humoral
immunogenicity could contribute to vaccine efficacy as demonstrated by the reversal in viral load
seen following the use of monoclonal ZMapp therapy in the patient treated at the Royal Free
Hospital, London (57). Assessment of infected individuals in a 1996 outbreak revealed early and
increasing levels of 1IgG amongst survivors compared to those that succumbed (58) and robust early
phase antibody responses have also been demonstrated in survivors of the recent outbreak (54).

Assays to qualitatively assess antibodies such as neutralization capacity (PsVNA) and antibody
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dependent cellular cytotoxicity (ADCC) are frequently included in clinical trials but there is yet to be

a clear link with protection from NHP studies (52).

Doubts about the association of anti-glycoprotein titres with protection had lingered from the early
negative experimental evidence of passive antibody therapy in animals and humans (57), particularly
polyclonal and convalescent plasma preparations. It has also been suggested that until specific
antibodies can be clearly mechanistically linked to viral clearance, observed humoral responses may
reflect the influence of other aspects of the immune system including HLA type and T cell activation
(52) —i.e. falling short of accurately predicting protective immunity themselves, although these

arguments appear unpersuasive to many given the evidence of strong virus neutralisation in vitro.

The demonstration of strong cellular immunogenicity in human clinical trials of ChAd3 EBOV,
particularly when boosted with MVA is interesting (31) as this combination showed durable
protection in a 10 month NHP challenge study, associated high absolute frequency (but lower
proportion) of TNF- and IFN-y—coproducing effector cells within the total CD8+ T cell memory pool
compared to less protective prime only and ChAd/ChAd schedules (20). Furthermore, CD8+ T cell
depletion data in NHP studies after vaccination with the rAd5 vaccine indicated that CD8+ T cells
were clearly contributing to protection (59). Transcriptomic analysis of peripheral blood taken from
patients in the recent outbreak demonstrated a significant increase in the CD8+ memory T cell

signature in survivors in comparison to those with fatal outcome (60).

The challenges for the next period of EVD vaccine development include quantifying the strength of
association between specific immune responses and survival, with large efficacy trials such as the
outbreak ring vaccination study offering a logical setting to explore this. Of particular interest for the
control of future outbreaks, consideration should be given to the identification of markers that
correlate with protection that is durable and cross reactive against different Ebolavirus species and

strains.
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Lessons learned and future perspectives

The PHEIC related to Ebola in West Africa was lifted on 29 March 2016. A total of 28,616 confirmed,
probable and suspected cases have been reported in Guinea, Liberia and Sierra Leone, with 11,310
deaths. Amongst the survivors, the prolonged persistence of virus in some bodily fluids like semen
(61) and breast milk (62) and the chance of recurrence due to persistence in sites of ‘immune
privilege’ is well documented (63). This in itself poses an ongoing public health concern as the risk of
sexual transmission remains a possibility and active measures such as encouraging safe sexual
practices with regular semen testing still remains important in order to prevent a resurgence of the
outbreak (64). Even in the absence of further human-to-human transmission from this outbreak, it is
likely that we will see another outbreak of EVD. We do not know where in Africa this will occur and
which species will be responsible. There is an imperative that the lessons learnt from an outbreak of
the magnitude that we have witnessed recently, are harnessed to ensure future outbreaks do not

reach such a scale.

The accelerated development of a number of vaccine candidates that has just occurred due to a
coordinated, collaborative global effort involving a number of stakeholders and agencies is
remarkable. We have significant amount of Phase | and Phase Il data on a number of vaccines in
both Caucasian and African populations. Real-time monitoring and sharing of safety, and to a lesser
extent, immunogenicity data led to rapid progress through the pipeline, resulting in the initiation of
Phase lll trials in West Africa within months after they were first administered to humans. The use of
a ring vaccination strategy and the innovative trial design used in Guinea provided us with the first
vaccine to be highly efficacious in an outbreak setting. However, there are a number of safety
concerns with this replication-competent rVSV-vectored vaccine and whether this vaccine will be

licensed in the near future is unclear.

Licensing a vaccine that can be manufactured, stockpiled and rapidly deployed in an outbreak setting

remains an unmet goal. The necessity for rapid induction of protective immune responses suggests a

11
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single shot vaccine would be preferable though the demonstrated immunogenicity of prime-boost
intervals as short as one week in heterologous regimes offers great encouragement for their
deployability, particularly as vaccines providing durable immunity. Of further interest is the first use
of an immortalised duck retinal cell line for the production of an MVA-vectored vaccine which gives
capacity for greater process control, very large scale manufacturing, high production yields and

lower cost of goods compared to other MVA production technology (65).

Closing remarks

The devastating recent outbreak of Ebola led to a clear demonstration of the potential of
accelerated vaccine development, capable of protecting high-risk populations much more rapidly
than is generally possible. The outbreak has also reconfirmed that it is of particular interest to the
scientific community to define immunological correlates of vaccine protection. This can help assess
durability of vaccine efficacy against potential future outbreaks of genetically diverse strains and also
assists progression of new vaccine candidates in development, possibly facilitating licensing under
the FDA animal rule. During this outbreak, disproportionately high numbers of healthcare workers
lost their lives in the line of duty (66), emphasizing the need for rapidly deployable protective
vaccines to high risk groups and this has been reflected in the strong focus on single dose and short
interval prime-boost regimens. Most of the clinical trials to date have been done in adults and we
are now seeing data generated in children and HIV-positive subjects (ClinicalTrials.gov
NCT02564523). The work of vaccine developers during this public health emergency has also taken
place concurrently with valuable research relating to a range of disease control measures including
therapeutic interventions (67, 68). These studies offered great insight to vaccine scientists regarding
conducting clinical trials in resource-poor countries with limited infrastructure, emphasising the
benefits of research collaboration and open communication that should be and were evident during

a time of such urgent need.
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