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Immunomonitoring of human responses to the

rVSV-ZEBOV Ebola vaccine
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The rVSV-ZEBOV vaccine is currently the only Ebola vaccine
with demonstrated clinical efficacy in a ring-vaccination clinical
trial. It has been shown to be reactogenic butimmunogenic and
safe in several Phase | clinical studies. However, its
mechanisms of protection are unknown and available
immunogenicity data are mostly limited to classical serological
analysis; it is now of paramount importance to apply cutting-
edge technologies, including transcriptomic and metabolomic
analyses, and to perform integrative analyses with standard
serology and clinical data to comprehensively profile the rVSV-
ZEBOV immune signature.
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Need for an Ebola vaccine

Ebola Virus Disease (EVD) has occurred in numerous
sporadic outbreaks since its identification. In 2014, West
Africa experienced the largest outbreak of Ebola Virus
Disease (EVD) in history, with six countries affected:
Guinea, Liberia, Nigeria, Senegal, Mali and Sierra Leone;
with over 28 652 confirmed or probable cases and more than
11 325 deaths [URL://www.cdc.gov/vhf/ebola/outbreaks/
2014-west-africa/; [1,2]. The extremely high mortality
and the risks of exportation have triggered a high level
of global concern. Furthermore, Ebola viruses may become
endemic in countries with poor health care infrastructures,
thus representing a significant long-term threat.

Currently, no effective therapies or licensed vaccines
exist for Ebola virus and for any member of the
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Filoviridae family. The availability of effective Ebola
vaccines could be of critical importance for preventing
the disease in high risk areas, using ring vaccination
strategies, and would maximize safety for front line
workers at greatest risk during outbreaks [3]. An
immunization capable of rapidly eliciting sustained
protective immunity in most recipients with a single dose
would be highly desirable.

The 2014 EVD outbreak promoted a strong unprece-
dented effort for the development of Ebola vaccines and
several vaccine candidates were advanced to the clinic
including: (i) the ChAd3-EBO non-replicating vaccine
vector based on the chimpanzee adenovirus type 3
(ChAd3) [4,5]; (i1) the heterologous prime-boost Ebola
vaccine regimen based on recombinant adenovirus type
26 vector (Ad26.ZEBOV) priming followed by boosting
with modified vaccinia Ankara vector (MVA-BN-Filo®)
[6]; (iii) the adenovirus 5-vectored Ebola vaccine [7-9],
(iv) the DNA Ebola vaccine [10,11] and (v) the recombi-
nant Vesicular Stomatitis Virus (VSV) vector-based Ebola
vaccine (rVSV-ZEBOYV), the most advanced candidate to
have shown immunogenicity, safety and protective effi-
cacy in humans [12°°,13°°,14°°,15°°,16°°] on which this
review focuses.

The rVSV-ZEBOV vaccine candidate

The vector is a single recombinant VSV wild type isolate
in which the VSV envelope glycoprotein was replaced
with the Zaire strain Ebola virus (ZEBOV) glycoprotein
(GP), giving rise to rVSVAG-ZEBOV-GP (rVSV-
ZEBOV) (Figure 1) [17,18]. This Ebola vaccine candi-
date was developed by Public Health Canada
(BPSC1001), licensed to NewLink Genetics and
subsequently transferred to Merck (renamed as V920).
The characteristics of r'VSV-based vectors are reviewed in
Ref. [17]. Previous experience showed that rVSV lacks
the potential for reassorting with viruses and cannot
integrate into host cell DNA. The /# vivo replication of
rVSV-ZEBOV is significantly attenuated by the exchange
of the rVSV glycoprotein for the EBOV-GP. The
VSV-ZEBOV vaccine was identified by the international
consultation led by WHO in September 2014 as one of the
only two Ebola vaccine candidates with 100% demon-
strated protection in non-human primates (NHP) and
clinical grade material ready for clinical testing [3].

Protection against EVD was first reported in nonhuman
primates (NHP) with a single intramuscular (IM) injec-
tion of r'VSV-ZEBOV [19,20]. Notably, vaccine vector
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Figure 1

VSV - ZEBOV
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Schematic representation of rVSV-ZEBOV. The rVSV-ZEBOV vaccine
is a recombinant virus in which the VSV envelope glycoprotein (in blue)
is replaced with the Zaire strain Ebola virus (ZEBOV) glycoprotein

(in red) giving rise to the chimeric virus rVSVAG-ZEBOV-GP
(rVSV-ZEBOV).

shedding was not detectable in NHP and none of the
animals developed overt fever or other detectable adverse
events [19,21]. rVSV-ZEBOYV induced humoral and cel-
lular immune responses in all vaccinated monkeys and no
evidence of Ebola virus replication was detected after
intravenous challenge with a high lethal dose of ZEBOV.
Complete and partial protection was even achieved with a
single injection seven or three days before challenge,
respectively, showing that VSV-ZEBOV may rapidly
confer protection further supporting its use for rapid
responses during outbreaks [22]. Safety in immunocom-
promised hosts, an important consideration given the
potential presence of HIV infected individuals in the
target vaccine population, was evaluated in a few rhesus
macaques infected with simian-human immunodefi-
ciency virus (SHIV), none of the infected animals showed
evidence of illness following rVSV-ZEBOV immuniza-
tion and four out of six were protected from EBOV
challenge [23]. The rVSV-ZEBOV vaccine also showed
an efficacy of 33-67% following a 24 hours post-exposure
injection of Resus macaques infected with Ebola virus
Makona [24]. The potential for protection against newly
emerging, phylogenetically related strains was assessed
by immunizing macaques with rVSV-ZEBOV prior to
challenge with Bundibugyo ebolavirus (BEBOV), a newly
emerged EBOV species [25]. A single vaccination with
rVSV-ZEBOV provided significant cross-protection (75%
survival), suggesting that monovalent rVSV-based vac-
cines might be also useful against newly emerging species
[23].

The rVSV-ZEBOV vaccine was tested in several clinical
trials (Table 1) in over 1000 subjects, showing
high immunogenicity, safety and protective efficacy
[12°°,13°°,14°°,15°°,16°°]. Phase | VEBCON clinical trials

have been organized in Africa and Europe as investigator-
driven and investigator-sponsored trials under the coor-
dination of WHO, using vaccine vials donated to WHO by
Public Health Canada and financially supported by a
grant of the Wellcome Trust Foundation to the WHO.
Additional funds were provided by the Bill and Melinda
Gates Foundation and the German Center for Infection
Research. The first results of the safety and immunoge-
nicity of rVSV-ZEBOV were reported only a few months
after the initiation of the first clinical trials [12°°,13°°]. At
high doses, ranging between 3 x 10° and 5 x 10° PFU,
mild-to-moderate reactogenicity (fever, myalgia, chills,
fatigue, headaches, erc.) affected most subjects. Symp-
toms occurred early (onset day 1 and 2) and were tran-
sient, associated to viremia and haematological changes
reflecting vaccine replication [13°°]. The rVSV-ZEBOV
vaccine generated glycoprotein-binding antibodies in
almost all participants at any dose, showing its high
immunogenicity in humans. Unexpectedly, oligoarthritis
was identified in the second week after vaccination with
>10" PFU in 11/51 (22%) of Geneva clinical trial subjects.
It lasted an average of 8 days, occasionally associated with
maculopapular or vesicular dermatitis. The identification
of r'VSV-ZEBOV in synovial fluid and skin vesicles con-
firmed viral dissemination and replication in peripheral
tissues [14°°]. Only two similar cases of arthritis were
observed at other VEBCON trial sites, suggesting an
influence of the vaccine dose, host factors, and/or report-
ing and investigative approaches.

After a safety-driven study hold, the Geneva randomized
clinical trial was restarted with a lower dose of 3 x 10°
PFU and the Gabon/German trials were conducted at the
same or lower doses, providing the opportunity to assess
the relative influence of vaccine dose on vaccine safety
and immunogenicity in the same populations. Reducing
the vaccine dose markedly reduced acute reactogenicity,
but did not avoid arthritis, dermatitis or cutaneous vascu-
litis, and limited the magnitude of antibody responses
[14°°]. No vaccine-associated severe adverse events were
reported in any of the rVSV-ZEBOV phase 1 trials.
Hence, the vaccine was selected for use at a dose of
2 x 107 PFU in further phase 2/3 trials sponsored by
WHO (Guinea), the U.S. Centers for Disease Control
and Prevention (CDC) (Sierra Leone) and the U.S.
National Institute of Health (NIH) (Liberia), along with
the National Health Authorities of the host countries.

Protective efficacy was demonstrated in an open-label,
cluster-randomised ring vaccination trial in the commu-
nities of Conakry, Guinea, and Sierra Leone [15°°,16°°].
The analysis included a total population of 11 841 indi-
viduals, assigned to 117 clusters (rings) vaccinated either
immediately or after a 21-day delay. rVSV-ZEBOV
showed up to 100% efficacy, with no cases of EVD as
of 10 days after immunization, compared to 23 cases in yet
unvaccinated subjects [16°°]. In fact, new cases of EVD
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Table 1

Clinical trials with the rVSV-ZEBOV vaccine

Phase

Dose (pfu)

Subjects n.

Age (years)

Status Sponsor

Country

Clinical trial n. Ref.

1 — Safety, and immunogenicity

1 - Safety, and immunogenicity

1 — Safety, tolerability and immunogenicity

1 — Safety and immunogenicity

1 — Safety, tolerability and immunogenicity

1 — Safety, tolerability and immunogenicity

1 — Safety and immunogenicity

1 — Immune durability

1 — Safety and immunogenicity

1/2 — Safety and tolerability

2 — Immunogenicity and durability

2 — Safety and efficacy

2/3 - Safety immunogenicity

3 — Safety, immunogenicity and efficacy
3 - Safety, immunogenicity and efficacy

2.5 x 10*
2.5 x 10°
2.0 x 108
3.0 x 10°
2.0 x 107
1.0 x 108
3.0 x 10°
3.0 x 10°
2.0 x 107
3.0 x 10°
3.0 x 10*
3.0 x 10°
3.0 x 10°
9.0 x 10°
2.0 x 107
1.0 x 108
1.0 x 10°
5.0 x 10°
3.0 x 108
3.0 x 10°
1.0 x 107
3.0 x 10°
3.0 x 10*
3.0 x 10°
3.0 x 10°
2.0 x 107
3.0 x 10°
1.0 x 107
5.0 x 107
3.0 x 10°
2.0 x 107
1.0 x 108
3.0 x 10°
1.0 x 107
5.0 x 107
2.0 x 107
2.0 x 107
2.0 x 107
2.0 x 107
3 consistency
lots and a
high-dose Iot

38

39

30

512

40

40

155

100

39

115

300
900
8000
8851
1198

18-65

18-65

18-55

18-60

18-65

18-55

6-50

18-68

18-50

18-65

>18
>18
>18
6-90
18-65

Completed Profectus Bioscience Inc.

Completed Merck Sharp & Dohme Corp

Completed University of Hamburg-Eppendorf

Completed Merck Sharp & Dohme Corp.

Completed Dalhousie University

Ongoing University of Oxford

Ongoing University of Tuebingen

Ongoing University Hospital

Geneva

Completed Merck Sharp & Dohme Corp.

Completed University Hospital Geneva

Ongoing NIAID

Ongoing NIAID

Ongoing CDC

Completed WHO

Ongoing Merck Sharp & Dohme

USA

USA

Germany

USA

Canada

Kenya

Gabon

Switzerland

USA

Switzerland

USA

Liberia

Sierra Leone
Guinea (Conakry)
USA

NCT02718469%

NCT022804082 S

NCT02283099 [12*°]

NCT02314923

NCT02374385

NCT02296983 [12°7]

PACTR201411000919191 [12°°]

NCT02933931

NCT02269423 [13*7]

NCT02287480 [12°* 14°]

NCT02788227
NCT02344407
NCT02378753
PACTR201503001057193 [15°°,16°°]
NCT02503202

@ Prime-boost schedule.
P Interrupted on January 2015.
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Integrative immunological analysis of rVSV-ZEBOV. Immunomonitoring
in clinical trials is conducted to identify molecular signatures of the
rVSV-ZEBOV vaccine integrating standard analysis of innate and
adaptive immune responses and clinical data with transcriptomic and
matabolomic analysis.

were not diagnosed from six days after vaccination, indi-
cating the rapid onset of protective immune responses
considering that exposure may have occurred prior to
immunization [15°°]. Adverse effects, mostly mild and
self-limiting (headache, fatigue and muscle pain), were
reported in more than half of vaccinees. These results
demonstrated the feasibility of using rVSV-ZEBOV in a
ring-vaccination design to help control outbreaks. A
Merck-sponsored phase III clinical trial is ongoing to
evaluate the safety and immunogenicity of three different
lots of r'VSV-ZEBOV in about 1200 healthy adults. The
primary purpose of the study is to demonstrate consis-
tency in the immune responses of participants receiving
three separate lots of V920 through 28 days post-vaccina-
tion. A subset of participants will continue to be moni-
tored through 24 months post-vaccination for the

evaluation of safety, and durability of immune response
(NCT02503202).

Yet, many questions are still open. They mainly relate to
the safety and immunogenicity of r'VSV-ZEBOV in vul-
nerable populations such as young children or pregnant
women and to the duration of protection. In the absence
of current outbreaks, these may only be assessed by
immunomonitoring.

Immunomonitoring of rVSV-ZEBOV
Conventional serology and cellular immunology provide
significant insights into vaccine induced protective
immunity. However the integration of multiple layers
of information derived from the integration of clinical and
state-of-the-art immunological read outs with distinct
‘Omics’ analyses, such as transcriptomics and metabolo-
mics, may provide a better understanding of the complex
mechanisms of vaccine-induced protective reactogenicity
and immunity (Figure 2). This may help in identifying
early signatures/biomarkers predictive of magnitude,
quality and duration of vaccine-induced adaptive
immune responses as well as surrogate markers of vaccine
induced adverse events. Recently, systems biology
approaches have been employed to pinpoint signatures
of immunogenicity for few human vaccines [26]. Using
the latest systems biology techniques and models (includ-
ing integrated and validated transcriptomics and meta-
bolomics analyses) to dissect the complexity of the inter-
actions between the various components of the human
immune system in response to vaccination is of critical
importance to fully decipher the immunological signature
of rVSV-ZEBOV [27,28].

Serological analyses conducted in Phase 1 clinical trials
using escalating vaccine doses have shown that EBOV-
glycoprotein (GP)-specific IgG antibody responses were
detected in almost all participants, with significantly
higher titres of EBOV neutralizing antibodies at higher
vaccine doses [14°°]. The importance of a predominantly
anti-GP IgM response for EBOV neutralization was
revealed as well as an independent evolution of antibody
immune responses — in terms of antibody epitope reper-
toire diversity, affinity maturation, durability and isotype
switching — after vaccination with r'VSV-ZEBOV in three
dose groups (3 million, 20 million and 100 million PFUs)
[29°]. A strong correlation between iz vitro EBOV neu-
tralization and serum GP-binding antibody titres was
observed. Interestingly, a second dose did not boost
antibody or virus neutralization titers and elicited limited
antibody affinity maturation [27]. It has also been recently
shown that ZEBOV-specific circulating follicular T’
helper cells (¢'T'th) correlate with antibody titers and with
the Tth17 subset [30].

In a recent prospective derivation and validation cohort
study nested within the phase I randomized, placebo-
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controlled (Geneva, Switzerland) and dose-escalation
(Lambaréné, Gabon) trials, we observed an early (day
1) dose-dependent plasma signature of the safety and
immunogenicity of the rVSV-Ebola vaccine. These data
highlight that monocytes play a critical role in rVSV-
ZEBOV-linked reactogenicity and adverse events,
including arthritis [31°°]. Preliminary analysis of whole-
blood transcriptomic data, obtained by targeted transcrip-
tome sequencing on lon Proton platform, revealed an
activation of genes involved in innate immune responses,
which starts at day 1 after vaccination and lasts until day 7
(manuscript in preparation).

Results obtained from the r'VSV-ZEBOV clinical trials so
far have shown that there are differences among volun-
teers receiving different doses of the vaccine as pertain to
the magnitude of the antibody response as well as the
magnitude and duration of adverse events. Hence, this
stratified response to the vaccine offers a unique oppor-
tunity for biomarker discovery. The rVSV-ZEBOV phase
I trials performed in Geneva, Lambaréné and Kilifi have
generated a unique set of immunological and vaccine
safety observations, the biological bases of which are now
being studied through thousands of collected biological
samples. A significant step beyond the state-of-the-art is
now required, through the harmonisation and in depth
integrated analyses of data generated by all different
clinical and immunological/molecular read outs. This
includes safety, immunogenicity, innate and adaptive
immunity, immunological memory, transcriptomics and
metabolomics (Figure 2). This will ensure gaining maxi-
mum leverage of the Phase I Ebola vaccine trials, through
a comprehensive characterization of the immune
responses induced by rVSV-ZEBOV and ensuring that
all information resulted from clinical studies is fully
exploited and shared. Indeed, the field protective efficacy
trials did not include harvesting samples for immunomo-
nitoring [15°°,16°°].

Joining efforts to profile immune and

molecular signatures of rVSV-ZEBOV

The VSV-EBOVAC project (www.vsv-cbovac.eu) sup-
ported by Innovative Medicines Initiative 2 Joint Under-
taking (IMIZ JU, http://www.imi.europa.cu/), was
launched to comprehensively characterize the immune
and molecular signatures induced in humans by the rVSV-
ZEBOV vaccine [32°°]. VSV-EBOVAC seeks to carry out
in-depth transcriptomics and metabolomics analyses of
blood samples obtained at different time points following
immunization with r'VSV-ZEBOV in Switzerland, Kenya
and Gabon, harnessing state-of-the-art and cutting edge
technologies to carry out systems analysis of human
innate and adaptive immune responses to r'VSV-ZEBOV.
T'ranscriptomic response is assessed in the RNA
extracted from blood stored in PAXgene tubes and
RNA sequencing is performed using the Ton AmpliSeq ™
Transcriptome Human Gene Expression Kit (Thermo

Fisher) on an Ton Proton instrument. This protocol allows
the simultaneous quantification of transcripts from
20802 human genes [28]. Gene expression data are cor-
related with clinical and immunologic data and analyzed
using the blood transcription modules identified in pre-
vious vaccinology studies [27]. Metabolomic analyses are
performed on plasma samples using the qTOF LC/MS
system (Agilent) which combines accuracy and sensitiv-
ity. Targeted metabolomics using ISQ GC-MS platform
(Thermo Fisher) is carried out for absolute quantification
of a limited number of key metabolites. Integrative data
analysis using a systems biology approach are being
employed to pinpoint molecular patterns and pathways.
The underlying premise is that results obtained from such
integrated omics approach, combined with clinical and
immunological read outs, could lay a foundation for the
discovery of molecular biomarkers of r'VSV-ZEBOV vac-
cine safety and immunogenicity.

Synergy and complementarity with other Ebola vaccine
projects as well as with other EU projects active in the
field of systems vaccinology such as the High Impact FP7
Project on Advanced Immunization Technologies (ADI-
TEC, www.aditecproject.eu), aiming to accelerate the
development of novel, powerful immunisation technolo-
gies for next-generation vaccines [33], are also promoted
by VSV-EBOVAC. It is expected that the results obtained
from this joint efforts will enhance and accelerate the
development of rVSV-ZEBOV as a safe and efficacious
vaccine to counter Ebola infection in humans.

Concluding remarks

rVSV-ZEBOV is currently the only Ebola vaccine with
demonstrated efficacy in a ring vaccination clinical trial as
well as excellent immunogenicity and safety. Current
immunogenicity data are limited to adult responses and
the use of serology, showing the important role of anti-
bodies in protection with emerging evidences indicating
the key involvement of innate immune responses in the
shaping of both immunogenicity and safety. Applying
cutting-edge technologies including transcriptomic and
metabolomic analyses, and integrating with clinical and
serological data is needed to fully decipher the
rVSV-ZEBOV vaccine immune signature.
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