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A B S T R A C T

Objectives: For Ebola vaccine development, antibody response is a major endpoint although its
determinants are not well known. We aimed to review Ebola vaccine studies and to assess factors
associated with antibody response variability in humans.
Methods: We searched PubMed and Scopus for preventive Ebola vaccine studies in humans or non-
human primates (NHP), published up to February 2018. For each vaccination group with Ebola Zaire
antibody titre measurements after vaccination, data about antibody response and its potential
determinants were extracted. A random-effects meta-regression was conducted including human groups
with at least 8 individuals.
Results: We reviewed 49 studies (202 vaccination groups including 74 human groups) with various
vaccine platforms and antigen inserts. Mean antibody titre was slightly higher in NHP (3.10, 95%
confidence interval [293; 327]) than in humans (2.75 [257; 293]). Vaccine platform (p < 0�001) and viral
strain used for antibody detection (p < 0�001) were associated with antibody response in humans, but
adjusted heterogeneity remained at 95%.
Conclusions: Various platforms have been evaluated in humans, including Ad26, Ad5, ChimpAd3, DNA,
MVA, and VSV. In addition to platforms, viral strain used for antibody detection influences antibody
response. However, variability remained mostly unexplained. Therefore, comparison of vaccine
immunogenicity needs randomised controlled trials.
© 2018 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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Introduction

Following the deadly 2013-2016 epidemic in West Africa, there
has been an accelerated development of several candidates for an
Ebola preventive vaccine. Outbreaks of Ebola virus disease (EVD)
have occurred recurrently and unpredictably for the past 40 years
with a high lethality rate (Liu et al., 2015). The 2013-2015 outbreak
was unprecedented in scale, with over 28,000 cases and more than
11,000 deaths (Ebola Situation Report, 2016). Incidental cases are
still reported as recently in the Democratic Republic of Congo in
May 2017 (Dhama et al., 2015). In the absence of any specific
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treatment, EVD prevention and control measures are primarily
based on case identification and isolation, early non-specific
medical care, surveillance of suspect cases, and safe burial
practices (Henao-Restrepo et al., 2017). These measures are now
sometimes complemented by ring vaccination of contacts of cases,
based on the promising results of a phase III cluster-randomized
ring vaccination efficacy trial conducted in Guinea in 2015
(Ohimain, 2016). However, the vaccine used for ring vaccination
(rVSV ZEBOV vaccine) is not yet licenced and conducting new
efficacy trials for licencing is not feasible in the absence of a large
outbreak. Nevertheless, preparation for future outbreaks is
required and the licensing of one or several preventive vaccines
for stockpiling is a priority.

Several candidate vaccines strategies have been investigated
since the first reported EVD outbreak in 1976. During and following
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijid.2018.06.022&domain=pdf
mailto:Rodolphe.Thiebaut@u-bordeaux.fr
https://doi.org/10.1016/j.ijid.2018.06.022
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijid.2018.06.022
http://www.sciencedirect.com/science/journal/12019712
www.elsevier.com/locate/ijid


84 L. Gross et al. / International Journal of Infectious Diseases 74 (2018) 83–96
the 2013-2015 epidemic, the process of vaccine development has
been substantially accelerated, and several strategies have been
moved into clinical phases. Despite the promising results of the
ring vaccination trial in Guinea (Ohimain, 2016), many questions,
such as durability of immune responses, and immune responses
and protection in specific sub-groups such as young children,
remain to be addressed and Ebola vaccine development continues
to be very active. Based on their delivery technologies, several
candidate vaccine platforms can be distinguished: whole-virus
vaccines, DNA vaccines, virus-like particles vaccines, and recom-
binant vaccines with different viral vectors (vesicular stomatitis
virus or VSV, modified vaccinia Ankara or MVA, human adenovirus
or Ad, and chimpanzee adenovirus or ChAd) (World Health
Organisation, 2013). Each platform may use specific dose levels
and Ebola antigen inserts.

Vaccine trials aim to assess vaccine safety and immunogenicity
in phase I and II trials in humans prior to testing for a protective
effect in phase III. Assessment of vaccine efficacy during pre-
clinical and clinical studies is required to go through the vaccine
license steps. Clinical protection from EVD in human populations is
impossible to observe outside an epidemic period. In the non-
epidemic context, Ebola vaccines are thus currently evaluated by
using a main immunogenicity endpoint: the antibody response
after vaccination. There is no definite evidence that antibody
response is the correlate of protection or surrogate endpoint for
efficacy in humans, that is a specific immune response to vaccine
associated with vaccine-induced protection (Sullivan et al., 2009)
and it may vary according to the vaccine platforms (Sullivan et al.,
2000a,b). However, we know that antibody response is correlated
with survival after challenge in nonhuman primate models, which
is the nearest model to humans for EVD and hence the animal gold
standard to test candidate Ebola vaccines; this association is found
consistently for different Ebola candidate vaccines (Wong et al.,
2012; Food and Drug Administration, 2015; Sridhar, 2015).

For these reasons, antibody response is used as the main
criterion to assess the Ebola candidate vaccines in phase I/II trials.
In the absence of the possibility to conduct additional phase III
trials, regulatory pathways not requiring such efficacy results are
also under discussion (Food and Drug Administration, 2015).
Significant variations in antibody responses are observable across
studies, which could be due to the different types of vaccines
evaluated, or not. Various factors are suspected to influence the
level of antibody response beyond the vaccine features (vaccine
platform, Ebola viral insert, dosage, single injection or boost, . . . )
such as the measurement techniques (time of measurement,
antigen used to detect antibody response, . . . ) or the population
type (human or nonhuman primates, age, sex, study site, . . . ).
There is a lack of quantification of the contribution of each factor in
the observed variation of the reported antibody responses.

Although previous reviews exist on Ebola vaccines (Ohimain,
2016; Sridhar, 2015; Wu et al., 2015), the specific topic of antibody
response determinants has not yet been addressed by a systematic
review or meta-analysis. Yet, the identification of factors poten-
tially associated with antibody response after Ebola vaccination
could provide relevant information for further vaccine trials and
for regulatory decision making.

By conducting this systematic review with a meta-analysis, we
aimed to determine whether the reported antibody response
variability in Ebola vaccine trials is not only determined by the
vaccine platform but also by other characteristics of vaccine and by
population and measurement characteristics and to quantify these
factors.
Methods

Search strategy and selection criteria

Studies were identified by searching electronic databases
PubMed and Scopus. Pubmed was searched using the following
terms: (« hemorrhagic fever, ebola » [MeSH Terms] OR « ebola » [All
fields] OR « ebolavirus » [MeSH Terms] OR « ebolavirus » [All fields])
AND (« vaccines » [MeSH Terms] OR « vaccines » [All fields] OR «
vaccine » [All Fields]). Scopus was searched using the following
terms TITLE-ABS-KEY (ebola) AND TITLE-ABS-KEY (vaccine).
Additionally, the Clinicaltrials.gov website was searched to identify
unpublished and ongoing studies. Several experts in the field were
contacted to find papers which could be not indexed in databases.
Reference lists of relevant papers and reviews were examined to
identify further articles.

The search was performed on March 23, 2016 and updated as of
February 24, 2018 with a publication date limit of the same date in
order to identify all published studies which met the inclusion
criteria and without restriction on language. All preventive Ebola
vaccine clinical trials conducted in humans or in nonhuman
primates and with a measure of Ebola Zaire antibody titre after
vaccination were included in our systematic review. Studies were
excluded in case of duplicate study, studies without original data,
preclinical studies conducted in animals other than nonhuman
primates or in vitro experimentation.

Data extraction

A first step of selection was performed on the title and abstract,
and then a second step was performed after reading the full article.
Two authors independently assessed each full article to include
papers matching the review’s inclusion criteria. Disagreements
between reviewers were resolved by consensus.

Data were extracted by two independent reviewers, with
differences reconciled by consensus. The following variables were
extracted: paper identification (title, first author, publication year),
study design, inclusion and exclusion criteria, characteristics of the
population (number of subjects; human or nonhuman primates;
proportion of women, average age and study site for clinical trials;
and animal species for pre-clinical studies using nonhuman
primates), characteristics of vaccine (vaccine platform in terms
of delivery technology used, specific vector for recombinant
vaccines, Ebola viral insert, dosage, route of administration,
vaccination schedule), characteristics of measurement techniques
(time interval between last injection and measure, strain and
nature of antigen used to detect antibody response, measurement
method), antibody response after vaccination (geometric mean
titre and its variance). Regarding the antibody response after
vaccination, geometric mean titre was extracted from the text or
estimated from figures. If a single vaccination group had more than
one measure of antibody response, data from measurement after
each injection were extracted. Therefore, if available, measurement
post-prime and measurement post-boost from a same vaccination
group were both included in our meta-analysis. If several
measurements post-prime or if several measurements post-boost
were available, for each injection we extracted the one closest to
28 days after injection, which is a standard time point in Ebola
vaccine trials. Variance of titre (within-group variance) was
extracted directly from the text or calculated from confidence
interval or from individual values. The present study was
registered in PROSPERO (no. 54303).
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Data analysis

For all analyses, the statistical unit used was the vaccination
group (one or several groups for a single study), i.e. a protocol-
defined group undergoing the same intervention and follow-up
procedures (such as a randomized arm of a clinical trial or an
animal group in NHP studies).

First descriptive analyses were performed among all groups,
separately for nonhuman primates and for humans. Then, a
random-effect meta-regression analysis was performed including
only human groups with 8 individuals or more. This threshold
allowed both to have sufficient inter-individual variability in each
group and to avoid excluding too many groups. Thus, it was not
possible to perform the regression analysis with NHP studies
because of the usual small sample size of the groups. The effect of
every potential determinant of antibody response was assessed
through fixed effects. A random intercept was allowed to capture
between-group variability not explained by the fixed effects. The
residual variance (within-group variance) was fixed in the model
according to the values resulting from data extraction as described
by Van Houwelingen (Van Houwelingen et al., 2002).

Each potential determinant associated in unadjusted analyses
with a p-value <0.25 was included in the multivariable model
using forward step-wise selection. The heterogeneity was checked
visually with forest plots and quantified by using the Q test. The
proportion of total variation across groups due to heterogeneity
(I2) and the amount of variability explained by the factors included
in the random-effect model (R2) were estimated. Antibody titres
after vaccination were log transformed in the model.

For the meta-regression analysis, the dosage variable was
categorized into “low dose” or “high dose” per vaccine platform,
since units of measurement for dose level were platform-
dependent. For each unit of dose measurement and each vaccine
platform, the average dose level among the human groups
included in the meta-regression model was used as a classification
Figure 1. Flow chart for study/v
threshold for this variable; if only one dose level was assessed for a
vaccine platform, the dosage variable was defined as undifferenti-
ated. The absence of interaction between vaccine platform and
dosage was checked (likelihood ratio test: p = 0.223).

All analyses were performed using the metafor package of R
(i386 3.2.2 version, the R Foundation, Vienna, Austria).

Results

Study selection

The selection process of the studies and vaccination groups is
described in Figure 1.

The search yielded a total of 2166 studies. Of these, 49 met the
inclusion criteria to the research question corresponding to 202
vaccination groups. Unpublished clinical trials and one trial found
by contact with an expert were excluded since no results were
available. Studies not reporting any antibody measurements were
also excluded. This led to the exclusion of the “Ebola ça suffit” ring
vaccination trial conducted in Guinea, the only trial that was able
to assess clinical efficacy in humans so far (Ohimain et al., 2016).
This trial was conducted under emergency conditions and did not
collect blood samples for immunogenicity measurements.

Table 1 shows details of all trials included in the systematic
review: 32 studies were conducted in NHP, 13 trials in humans
were phase 1, two trials phase 1/2, and two phase 2. The number of
trials has increased significantly since the last outbreak of EVD.
Clinical trials were conducted mostly in Europe and North America
(Figure 2).

Description of included vaccination groups

Among the 202 vaccination groups included in our systematic
review, 74 were human groups and 128 were non-human primate
groups. The distribution of the number of individuals by groups is
accination group selection.



Table 1
Main characteristics of the preclinical studies and clinical trials included in the systematic review.

Title First author Year of
publication

Population and study
features

Vaccine(s) Measurement of
antibody response

Phase 1 Trials of rVSV Ebola Vaccine in Africa
and Europe (Agnandji et al., 2016)

Agnandji 2016 Humans (Germany,
Switzerland, Gabon,
Kenya), phase 1,
randomization and
placebo

Recombinant VSV-GP(Zaire), single injection,
IM, 300 000 to 50 million PFU

Antibodies anti GP
(Kikwit), D28 or
D180

Successful topical respiratory tract
immunization of primates against Ebola
virus (Bukreyev et al., 2007)

Bukreyev 2007 NHP: rhesus monkeys;
placebo

Recombinant HPIV3(+/� modified)-GP +/� NP
(Zaire Mayinga), single injection +/� boost
D28, IN + IT, 4 to 20 million TCID50

Antibodies anti
virion, D28 (or D39
after boost)

Mucosal parainfluenza virus-vectored vaccine
against Ebola virus replicates in the
respiratory tract of vector-immune
monkeys and is immunogenic (Bukreyev
et al., 2010)

Bukreyev 2010 NHP: rhesus monkeys
(+/� HPIV3
seropositive); placebo

Recombinant HPIV3-GP(Zaire Mayinga),
boost D28, IN + IT, 20 million PFU

Antibodies anti
virion, D28

Safety and immunogenicity of a chimpanzee
adenovirus-vectored Ebola vaccine in
healthy adults: a randomised, double-blind,
placebo-controlled, dose-finding, phase 1/
2a study (De Santis et al., 2016)

De Santis 2016 Humans (Switzerland),
phase 1/2,
randomization and
placebo

Recombinant ChAd3-GP(Zaire Mayinga),
single injection, IM, 25 to 50 billion VP

Antibodies anti GP
(Mayinga), D28,
results in EC90

Respiratory tract immunization of non-
human primates with a Newcastle disease
virus-vectored vaccine candidate against
Ebola virus elicits a neutralizing antibody
response (DiNapoli et al., 2010)

DiNapoli 2010 NHP: rhesus monkeys;
no placebo

Recombinant NDV-GP(Zaire Mayinga) or
HPIV3-GP(Zaire Mayinga), boost D28, IN + IT,
20 million PFU

Antibodies anti
virion (Mayinga),
D28

A Monovalent Chimpanzee Adenovirus Ebola
Vaccine Boosted with MVA (Ewer et al.,
2016)

Ewer 2016 Humans (United
Kingdom), phase 1, no
randomization, no
placebo

Recombinant ChAd3-GP(Zaire Mayinga) 10 to
50 billion VP, boost between D7 and D46 with
recombinant MVA-GP(Zaire Mayinga + Sudan
Gulu)/NP(Taï Forest) 150 to 300 millions PFU,
IM

Antibodies anti GP
(Mayinga) or anti
virion (Makona)

Vesicular stomatitis virus-based vaccines
protect nonhuman primates against aerosol
challenge with Ebola and Marburg viruses
(Geisbert et al., 2008a,b)

Geisbert 2008 NHP: cynomolgus
macaques; placebo

Recombinant VSV-GP(Zaire Kikwit), single
injection, 20 million PFU

Antibodies anti
virion (Kikwit), D14
or D27

Vesicular stomatitis virus-based ebola vaccine
is well-tolerated and protects
immunocompromised nonhuman primates
(Geisbert et al., 2008a,b)

Geisbert 2008 NHP: rhesus monkeys
(SHIV infected);
placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM, 10 million PFU

Antibodies anti
virion (Mayinga),
D14

Single-injection vaccine protects nonhuman
primates against infection with marburg
virus and three species of ebola virus
(Geisbert et al., 2009)

Geisbert 2009 NHP: cynomolgus
macaques and rhesus
monkeys; placebo

Recombinant VSV-GP(Zaire Mayinga and/or
Sudan Boniface +/� Marburg), single injection
+/� boost D14, IM, 10 to 20 million PFU

Antibodies anti
virion, between
D14 and D28

Recombinant adenovirus serotype 26 (Ad26)
and Ad35 vaccine vectors bypass immunity
to Ad5 and protect nonhuman primates
against ebolavirus challenge (Geisbert et al.,
2011)

Geisbert 2011 NHP: cynomolgus
macaques (+/� Ad5
seropositive); placebo

Recombinant Ad5, Ad26, or Ad35, or prime
Ad26 + boost Ad35 D28 - GP (Zaire + Sudan
Gulu), IM, 20 to 200 billion VP

Antibodies anti GP,
D21, results in EC90

Codon-optimized filovirus DNA vaccines
delivered by intramuscular electroporation
protect cynomolgus macaques from lethal
Ebola and Marburg virus challenges (Grant-
Klein et al., 2015)

Grant-Klein 2015 NHP: cynomolgus
macaques; placebo

Vaccin ADN-GP(Zaire +/� Sudan, Reston et
Marburg), 3 injections (28 jours apart),
electroporation IM, 500 mg to 2 mg

Antibodies anti GP
(Mayinga) DTM or
DMuc, D28

Demonstration of cross-protective vaccine
immunity against an emerging pathogenic
Ebolavirus Species (Hensley et al., 2010)

Hensley 2010 NHP: cynomolgus
macaques; placebo

Vaccin ADN-GP(Zaire Mayinga + Sudan Gulu),
4 injections IM, 4 mg (28 to 42 days apart +/�
boost D371 recombinant Ad5-GP (Zaire
Mayinga) IM 100 billion VP

Antibodies anti GP,
D21 or D371,
results in EC90

Venezuelan equine encephalitis virus replicon
particle vaccine protects nonhuman
primates from intramuscular and aerosol
challenge with ebolavirus (Herbert et al.,
2013)

Herbert 2013 NHP: cynomolgus
macaques; placebo

VRP GP(Zaire Kikwit +/� Sudan Boniface),
single injection, IM, 10 to 20 billion FFU

Antibodies anti GP,
D28

The effect of dose on the safety and
immunogenicity of the VSV Ebola candidate
vaccine: a randomised double-blind,
placebo-controlled phase 1/2 trial (Huttner
et al., 2015)

Huttner 2015 Humans (Switzerland),
phase 1/2,
randomization and
placebo

Recombinant VSV-GP(Zaire), single injection,
IM, 300 000 PFU

Antibodies anti GP,
D28

Live attenuated recombinant vaccine protects
nonhuman primates against Ebola and
Marburg viruses (Jones et al., 2005)

Jones 2005 NHP: cynomolgus
macaques; placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM, 10 million PFU

Antibodies anti
virion, D28

Phase 2 Placebo-Controlled Trial of Two
Vaccines to Prevent Ebola in Liberia
(Kennedy et al., 2017)

Kennedy 2017 Humans (Liberia),
phase 2,
randomization and
placebo

Recombinant ChAd3-GP(Saire) 100 billion VP
or VSV-GP(Zaire Kikwit) 20 million PFU, single
injection, IM

Antibodies anti GP
(Kikwit), D28

Safety and immunogenicity of Ebola virus and
Marburg virus glycoprotein DNA vaccines
assessed separately and concomitantly in
healthy Ugandan adults: a phase 1b,

Kibuuka 2015 Humans (Uganda),
phase 1b;
randomization and
placebo

Vaccin ADN GP(Zaire + Sudan +/� Marburg), 3
injections, IM, 4 mg

Antibodies anti GP,
D28
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Table 1 (Continued)

Title First author Year of
publication

Population and study
features

Vaccine(s) Measurement of
antibody response

randomised, double-blind, placebo-
controlled clinical trial (Kibuuka et al.,
2015)

A replication defective recombinant Ad5
vaccine expressing Ebola virus GP is safe
and immunogenic in healthy adults
(Ledgerwood et al., 2010)

Ledgerwood 2010 Humans (USA), phase
1; randomization and
placebo

Recombinant Ad5-GP(Zaire Mayinga + Sudan
Gulu), single injection, IM, 2 to 20 billion VP

Antibodies anti GP
(Mayinga), D28

Chimpanzee Adenovirus Vector Ebola Vaccine
– Preliminary Report (Ledgerwood et al.,
2015)

Ledgerwood 2015 Humans (USA), phase
1, no randomization
and no placebo

Recombinant ChAd3-GP(Zaire
Mayinga + Sudan), single injection, IM, 20 or
200 billion VP

Antibodies anti GP
(Mayinga or Zaire-
Guinea), D28,
results in EC90

Immunity duration of a recombinant
adenovirus type-5 vector-based Ebola
vaccine and a homologous prime-boost
immunisation in healthy adults in China:
final report of a randomised, double-blind,
placebo-controlled, phase 1 trial (Li et al.,
2017)

Li 2017 Humans (China),
phase 1;
randomization and
placebo

Recombinant Ad5-GP(Zaire Makona), 2
injections (168 days apart), IM, 40 or 160
billion VP

Antibodies anti GP,
D28, results in
EC90

A DNA vaccine for Ebola virus is safe and
immunogenic in a phase I clinical trial
(Martin et al., 2006)

Martin 2006 Humans (USA), phase
1, randomization and
placebo

Vaccin ADN GP/NP(Zaire Mayinga) + GP
(Sudan Gulu), 3 injections (28 days apart), IM,
2 to 8 mg

Antibodies anti GP
or NP (Mayinga),
D28

Antibodies are necessary for rVSV/ZEBOV-GP-
mediated protection against lethal Ebola
virus challenge in nonhuman primates
(Marzi et al., 2013)

Marzi 2013 NHP: cynomolgus
macaques (with
depletion CD4+ or CD8
+ or CD20+); placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM, 10 million PFU

Antibodies anti GP,
D28

Vesicular stomatitis virus-based vaccines
against Lassa and Ebola viruses (Marzi et al.,
2015a,b,c)

Marzi 2015 NHP: cynomolgus
macaques (vaccinated
with VSV-Lassa);
placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM, 10 million PFU

Antibodies anti GP,
day of
measurement non
specified

Vaccines. An Ebola whole-virus vaccine is
protective in nonhuman primates (Marzi
et al., 2015a,b,c)

Marzi 2015 NHP: cynomolgus
macaques; placebo

Attenuated whole-virus Zaire Mayinga, single
injection, IM, 10 to 20 million FFU

Antibodies anti GP,
D28

EBOLA VACCINE. VSV-EBOV rapidly protects
macaques against infection with the 2014/
15 Ebola virus outbreak strain (Marzi et al.,
2015a,b,c)

Marzi 2015 NHP: cynomolgus
macaques; placebo

Recombinant VSV-GP(Zaire Kikwit), single
injection, unique, 50 million PFU

Antibodies anti GP,
between D3 and
D28

Cytomegalovirus-based vaccine expressing
Ebola virus glycoprotein protects
nonhuman primates from Ebola virus
infection (Marzi et al., 2016)

Marzi 2016 NHP: rhesus monkeys
(CMV seropositive);
placebo

Recombinant RhCMV-GP(Zaire Mayinga),
boost D84, SC, 10 million PFU

Antibodies anti GP,
D28

Vaccination With a Highly Attenuated
Recombinant Vesicular Stomatitis Virus
Vector Protects Against Challenge With a
Lethal Dose of Ebola Virus (Matassov et al.,
2015)

Matassov 2015 NHP: rhesus monkeys;
placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM, 10 million PFU

Antibodies anti GP,
D21

Aerosolized Ebola vaccine protects primates
and elicits lung-resident T cell responses
(Meyer et al., 2015)

Meyer 2015 NHP: rhesus monkeys;
placebo

Recombinant HPIV3-GP(Zaire Mayinga) 40 to
400 million PFU or VRP(Zaire Mayinga) 10
billion PFU, boost D28, IM or aerosol or IN + IT

Antibodies anti
virion (Mayinga),
D23 or D28

Safety and immunogenicity of novel
adenovirus type 26–and modified vaccinia
ankara–vectored ebola vaccines: A
randomized clinical trial (Milligan et al.,
2016)

Milligan 2016 Humans (United
Kingdom), phase 1,
randomization and
placebo

Recombinant Ad26-GP(Zaire Mayinga) 50
billion VP or recombinant MVA-GP(Zaire
Mayinga + Sudan Gulu)/NP(Taï Forest) 100
millions TCID50, boost between D15 and D56,
IM

Antibodies anti GP
Kikwit), D28 after
prime and D21
after boost

Vesicular stomatitis virus-based vaccines
protect nonhuman primates against
Bundibugyo ebolavirus (Mire et al., 2013)

Mire 2013 NHP: cynomolgus
macaques; placebo

Recombinant VSV-GP(Zaire Mayinga and/or
Sudan Boniface or Bundibugyo) +/� boost
VSV-GP(Zaire Mayinga) D14, IM, 20 million
PFU

Antibodies anti GP,
between D22 and
D29

Single-dose attenuated Vesiculovax vaccines
protect primates against Ebola Makona
virus (Mire et al., 2015)

Mire 2015 NHP: cynomolgus
macaques; placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM, 20 million PFU

Antibodies anti GP,
D28

Protection of nonhuman primates against two
species of Ebola virus infection with a single
complex adenovirus vector (Pratt et al.,
2010)

Pratt 2010 NHP: cynomolgus
macaques or rhesus
monkeys (+/� Ad5
seropositive); placebo

Recombinant CAdVax-GP(Zaire
Kikwit + Sudan Boniface +/� Marburg), boost
between D65 and D238, IM, 100 million to 20
billion PFU

Antibodies anti
virion, between D7
and D49

A Kunjin Replicon Virus-like Particle Vaccine
Provides Protection Against Ebola Virus
Infection in Nonhuman Primates (Pyankov
et al., 2015)

Pyankov 2015 NHP: African green
monkeys; placebo

Recombinant VLP Kunjin-GP(Zaire Mayinga),
boost D28, SC, 1 billion VLP

Antibodies anti
virion, D21 or D28

A Monovalent Chimpanzee Adenovirus Ebola
Vaccine - Preliminary Report (Rampling
et al., 2015)

Rampling 2015 Humans (United
Kingdom), phase 1, no
randomization, no
placebo

Recombinant ChAd3-GP(Zaire), single
injection, IM, 10 to 50 billions VP

Antibodies anti GP,
D28, results in
EC90

A Recombinant Vesicular Stomatitis Virus
Ebola Vaccine - Preliminary Report (Regules
et al., 2015)

Regules 2015 Humans (USA), phase
1, randomization and
placebo

Recombinant VSV-GP(Zaire Kikwit), single
injection, IM, 3 to 20 million PFU

Antibodies anti GP
(Kikwit or
Mayinga), D28
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Table 1 (Continued)

Title First author Year of
publication

Population and study
features

Vaccine(s) Measurement of
antibody response

Safety and immunogenicity of DNA vaccines
encoding Ebolavirus and Marburgvirus
wild-type glycoproteins in a phase I clinical
trial (Sarwar et al., 2015)

Sarwar 2015 Humans (USA), phase
1, no randomization
and no placebo

Vaccin ADN GP(Zaire + Sudan), 3 injections
(28 days apart) + boost D168, IM, 4 mg

Antibodies anti GP,
D28

Chimpanzee adenovirus vaccine generates
acute and durable protective immunity
against ebolavirus challenge (Stanley et al.,
2014)

Stanley 2014 NHP: cynomolgus
macaques; placebo

Recombinant ChAd3-GP(Zaire + Sudan), 1 to
10 billion VP or recombinant ChAd3-GP
(Zaire + Sudan) or recombinant MVA-GP
(Zaire + Sudan) 100 million VP, single
injection, IM

Antibodies anti GP,
D21, results in EC90

Development of a preventive vaccine for Ebola
virus infection in primates (Sullivan et al.,
2000a,b)

Sullivan 2000 NHP: cynomolgus
macaques; placebo

DNA vaccine GP/NP(Zaire) + GP(Sudan + Taï
Forest), 3 injections, 4 mg (28 days apart),
boost D84 recombinant Ad5-GP(Z) 10 billion
PFU, IM

Nature of viral
antigen non
specified, D28

Accelerated vaccination for Ebola virus
haemorrhagic fever in non-human primates
(Sullivan et al., 2003)

Sullivan 2003 NHP: cynomolgus
macaques; placebo

Recombinant Ad5-GP/NP(Zaire) +/� boost
D63, IM, 2000 billion VP

Antibodies anti
virion, between D7
and D63

CD8+ cellular immunity mediates rAd5
vaccine protection against Ebola virus
infection of nonhuman primates (Sullivan
et al., 2011)

Sullivan 2011 NHP: cynomolgus
macaques; placebo

Recombinant Ad5-GP(Zaire), single injection,
IM, 10 billion VP

Antibodies anti GP,
day of
measurement non
specified, results in
EC90

Vaccine to confer to nonhuman primates
complete protection against multistrain
Ebola and Marburg virus infections
(Swenson et al., 2008)

Swenson 2008 NHP: cynomolgus
macaques; placebo

Recombinant Ad5-GP/NP(Zaire) + GP(Sudan
Boniface), boost D63, IM, 40 billion PFU

Antibodies anti
virion, D14 after
prime and D21
after boost

Use of ChAd3-EBO-Z Ebola virus vaccine in
Malian and US adults, and boosting of
Malian adults with MVA-BN-Filo: a phase 1,
single-blind, randomised trial, a phase 1b,
open-label and double-blind, dose-
escalation trial, and a nested, randomised,
double-blind, placebo-controlled trial
(Tapia et al., 2016)

Tapia 2016 Humans (Mali), phase
1, randomization and
placebo

Recombinant ChAd3-GP(Zaire), 10 to 100
billion VP, boost D97 recombinant MVA-GP
(Zaire + Sudan + Marburg) + NP (Taï Forest)
200 millions PFU, IM

Antibodies anti GP,
D28

Ebola virus-like particle-based vaccine
protects nonhuman primates against lethal
Ebola virus challenge (Warfield et al., 2007)

Warfield 2007 NHP: cynomolgus
macaques; placebo

VLP GP/VP40/NP(Zaire), 2 injections (42 days
apart), boost D42, IM, 250 mg

Antibodies anti
virion, D42

Vaccinating captive chimpanzees to save wild
chimpanzees (Warfield et al., 2014)

Warfield 2014 NHP: chimpanzee; no
placebo

VLP (with adjuvant: IDC-1001 ou CpG) GP/
VP40/NP(Zaire), 2 injections (29 days apart),
boost D27, IM, 3 mg

Antibodies anti
GPDTM or VP40,
between D27 and
D29, results in
EC50

Homologous and heterologous protection of
nonhuman primates by Ebola and Sudan
virus-like particles (Warfield et al., 2015)

Warfield 2015 NHP: cynomolgus
macaques; placebo

VLP GP/VP40/NP(Zaire et/ou Sudan), boost
D42, IM, 3 mg

Antibodies anti
GPDTM or VP40,
between D14 and
D28

Immune parameters correlate with protection
against ebola virus infection in rodents and
nonhuman primates (Wong et al., 2012)

Wong 2012 NHP: cynomolgus
macaques; placebo

Recombinant VSV-GP(Zaire Mayinga), single
injection, IM or IT or PO, 20 millions PFU

Antibodies anti GP,
D28

An Adenovirus Vaccine Expressing Ebola
Virus Variant Makona Glycoprotein Is
Efficacious in Guinea Pigs and Nonhuman
Primates (Wu et al., 2016)

Wu 2016 NHP: cynomolgus
macaques; placebo

Recombinant Ad5-GP(Zaire Makona), single
injection, IM, 40 or 200 billion VP

Antibodies anti GP,
D28

Safety and immunogenicity of a novel
recombinant adenovirus type-5 vector-
based Ebola vaccine in healthy adults in
China: preliminary report of a randomised,
double-blind, placebo-controlled, phase 1
trial (Zhu et al., 2015)

Zhu 2015 Humans (China),
phase 1,
randomization and
placebo

Recombinant Ad5-GP(Zaire Makona), single
injection, IM, 40 to 160 billions VP

Antibodies anti GP
(Makona), D28

Safety and immunogenicity of a recombinant
adenovirus type-5 vector-based Ebola
vaccine in healthy adults in Sierra Leone: a
single-centre, randomised, double-blind,
placebo-controlled, phase 2 trial (Zhu et al.,
2017)

Zhu 2017 Humans (Sierra
Leone), phase 2;
randomization and
placebo

Recombinant Ad5-GP(Zaire Makona), single
injection, IM, 40 or 160 billion VP

Antibodies anti GP,
D28
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presented in Figure 3. The vast majority (82.4%) of human groups
included 8 or more individuals, while only 6 for non-human
primate groups (range 2; 22 with an average of 4.1 individuals by
group).

Characteristics of nonhuman primate and human groups are
described in Tables 2 and 3, respectively.
There is a wide heterogeneity of features among studies
included in the systematic review. Vaccine platforms varied
between studies, especially in NHP (18 different vaccine platforms
in NHP groups versus 8 in human groups). The strain of Ebola virus
used as vaccine insert or for the antibody detection after
vaccination was also variable. For almost a third of the human



Figure 2. Description of the number of vaccine clinical trials against Ebola per country.
The Ring trial, single phase 3 trial (Guinea), has been excluded from the systematic review.
Several other vaccine clinical trials against Ebola are currently ongoing worldwide but only published trials are reported in the figure.

Figure 3. Number of vaccination groups of humans and of nonhuman primates,
according to the number of individuals by group.
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groups, the detection of antibody response was done with a
heterologous strain. The time interval between the last vaccination
and the antibody detection was also remarkably variable (range 3;
371 days).

Among all the 202 vaccination groups, the mean antibody titre
ranged from 0 (for a group of NHP infected by the simian/human
immunodeficiency virus prior to the Ebola vaccination) to 5.81
log10, with an average of 2.97 (95% CI: [2.84; 3.10]).
The NHP groups had a crude antibody response level that was
significantly higher than the human groups (p = 0.006): in NHP
groups the log10 geometric mean titre ranged from 0 to 5.81 with
an average of 3.10 (95% CI: [2.93; 3.27]), and in human groups the
titre ranged from 0.90 to 4.60 with an average of 2�75 (95% CI:
[2.57; 2.93]) Figure S1 (appendix) shows antibody responses in
human groups and in NHP groups.

Meta-regression of factors associated with variability in antibody
response levels in humans and evaluation of between-groups
heterogeneity

Sixty-one human vaccination groups with 8 individuals or more
were included in the meta-regression analysis.

Among these, 32 were vaccinated with a low dose of vaccine, 19
with a high dose (for 10 groups, the dose category was
undeterminable as only one dose level was assessed for the given
vaccine platform).

The distribution of the antibody titres after Ebola vaccination
per vaccination group is shown by vaccine platform in Figure 4. The
antibody response seems to be higher in groups with a prime-
boost strategy (Ad26/MVA or ChAd3/MVA) than in the other
groups. The distribution of the antibody titres by viral strain used
for antibody detection is presented in Figure S2 (appendix).

In univariate meta-regression analyses (appendix: Table S1),
the antibody response after Ebola vaccination was significantly
associated with the vaccine platform (p < 0.001), the viral strain
used to detect the antibody response after vaccination (p < 0.001),
the year of publication (for publication in 2014 and after versus
before 2014: +1.15, p < 0.001), the mean age of vaccinated
population (for �39 years versus <32 years: +0.90; p < 0.001),
the vaccine dosage (for high dose versus low dose: +0.57, p = 0.006),
the use of a vaccine boost (for boost versus no boost: +0.63,
p = 0.009), the similarity between the viral strain used as vaccine
insert and the viral strain used to detect the antibody response (for
identical strains versus different strains: �0.74, p = 0.009), the site
of the study (p = 0.014), the time interval between the last vaccine
injection and the antibody measure (for <28 days versus �28 days:



Table 2
Main characteristics of included non-human primates (NHP) groups.

Characteristic Vaccination schedule All NHP groups

No boost (n = 98) Boost (n = 30) n = 128

Vaccine platform
DNA vaccine (plasmid) 6 6.1% 0 0.0% 6 4.7%
Adenovirus 26 4 4.1% 0 0.0% 4 3.1%
Adenovirus 26 then adenovirus 35 0 0.0% 1 3.3% 1 0.8%
Adenovirus 35 4 4.1% 0 0.0% 4 3.1%
Adenovirus 5 8 8.2% 3 10.0% 11 8.6%
DNA vaccine (plasmid)/adenovirus 5 0 0.0% 2 6.7% 2 1.6%
CAdVax 6 6.1% 2 6.7% 8 6.2%
Chimpanzee adenovirus 3 2 2.0% 0 0.0% 2 1.6%
Chimpanzee adenovirus 63 1 1.0% 0 0.0% 1 0.8%
HPIV3 12 12.2% 7 23.3% 19 14.8%
MVA 1 1.0% 0 0.0% 1 0.8%
NDV 1 1.0% 1 3.3% 2 1.6%
RhCMV 1 1.0% 0 0.0% 1 0.8%
Whole-virus vaccine 4 4.1% 0 0.0% 4 3.1%
VLP 21 21.4% 10 33.3% 31 24.2%
VLP Kunjin 1 1.0% 1 3.3% 2 1.6%
VRP VEEV 3 3.1% 1 3.3% 4 3.1%
VSV 23 23.5% 2 6.7% 25 19.5%

Route of administration
Intramuscular 78 79.6% 21 70.0% 99 77.3%
Other routes 20 20.4% 9 30.0% 29 22.7%

Vaccine insert: Ebola species
Monovalent Zaire 63 64.3% 17 56.7% 80 62.5%
Monovalent no Zaire 6 6.1% 2 6.7% 8 6.2%
Monovalent no Zaire + monovalent Zaire 0 0.0% 1 3.3% 1 0.8%
Monovalent no Zaire + multivalent 0 0.0% 1 3.3% 1 0.8%
Multivalent 29 29.6% 7 23.3% 36 28.1%
Multivalent + monovalent Zaire 0 0.0% 2 6.7% 2 1.6%

Vaccine insert: Ebola strain (only for Zaire species)
Mayinga 34 64.2% 13 76.5% 47 67.1%
Kikwit 16 30.2% 4 23.5% 20 28.6%
Makona 3 5.7% 0 0.0% 3 4.3%
Missing data 45 – 13 – 58 –

Nonhuman primates species
Cynomolgus macaques 65 66.3% 17 56.7% 82 64.1%
Chimpanzees 10 10.2% 2 6.7% 12 9.4%
Rhesus macaques 22 22.4% 10 33.3% 32 25.0%
African green monkeys 1 1.0% 1 3.3% 2 1.6%

Year of publication
Publication < 2014 49 50.0% 14 46.7% 63 49.2%
Publication � 2014 49 50.0% 16 53.3% 65 50.8%

Time interval between last injection and antibody measure
Mean [standard deviation] 29.1 [363] 25.5 [762] 28.3 [319]
Missing data 3 – 0 – 3 –

Antibody measurement method
Maximal dilution 65 66.3% 18 60.0% 83 64.8%
Effective concentration 90 (EC90) 15 15.3% 2 6.7% 17 13.3%
Effective concentration 50 (EC50) 18 18.4% 10 33.3% 28 21.9%

Antigen used for antibody detection: nature
Glycoprotein (GP) 55 56.7% 7 24.1% 62 49.2%
Other nature (virion, viral protein 40) 42 43.3% 22 75.9% 64 50.8%
Missing data 1 – 1 – 2 –

Antigen used for antibody detection: Ebola strain
Mayinga 14 87.5% 8 100.0% 22 91.7%
Kikwit 2 12.5% 0 0.0% 2 8.3%
Missing data 82 – 22 – 104 –

Similarity between strain used as vaccine insert and strain used for antibody detection
Identical strains 12 100.0% 8 100.0% 20 100.0%
Missing data 86 – 22 – 108 –

CAdVax: complex adenovirus-based vector, DNA: deoxyribonucleic acid, GP: glycoprotein, HPIV3: human parainfluenza virus 3, MVA: modified vaccinia Ankara, NDV:
Newcastle disease virus, RhCMV: rhesus cytomegalovirus cytomegalovirus, VLP: virus-like particles, VRP VEEV: Venezuelan equine encephalitis virus replicon particle, VSV:
vesicular stomatitis virus.

90 L. Gross et al. / International Journal of Infectious Diseases 74 (2018) 83–96



Table 3
Main characteristics of included human groups.

Characteristics Vaccination schedule All human groups

No boost (n = 48) Boost (n = 26) (n = 74)

Vaccine platform
DNA vaccine (plasmid) 9 18.8% 1 3.8% 10 13.5%
Adenovirus 26 3 6.2% 0 0.0% 3 4.1%
Adenovirus 26/MVA or MVA/adenovirus 26 0 0.0% 5 19.2% 5 6.8%
Adenovirus 5 6 12.5% 2 7.7% 8 10.8%
Chimpanzee adenovirus 3 14 29.2% 0 0.0% 14 18.9%
Chimpanzee adenovirus 3/MVA 0 0.0% 18 69.2% 18 24.3%
MVA 2 4.2% 0 0.0% 2 2.7%
VSV 14 29.2% 0 0.0% 14 18.9%

Route of administration
Intramuscular 48 100.0% 26 100.0% 74 100.0%

Vaccine insert: species
Monovalent Zaire 31 64.6% 19 73.1% 50 67.4%
Monovalent Zaire + multivalent 0 0.0% 4 15.4% 4 5.4%
Multivalent 17 35.4% 1 3.8% 18 24.3%
Multivalent + monovalent Zaire 0 0.0% 2 7.7% 2 2.7%

Vaccine insert: strain (only for Zaire species)
Mayinga 22 71.0% 22 91.7% 44 80.0%
Kikwit 5 16.1% 0 0.0% 5 9.1%
Makona 4 12.9% 0 0.0% 6 10.9%
Missing data 17 – 4 – 19 –

Proportion of women
Mean [standard deviation] 40% [18%] 52% [10%] 44% [17%]

Mean age (years)
Mean [standard deviation] 34.8 [45] 34.6 [54] 34.7 [48]

Geographic location of the study
Africa 14 29.2% 1 3.8% 15 20.3%
China 2 4.2% 2 7.7% 4 5.4%
Europe 15 31.2% 22 84.6% 37 50.0%
USA 17 35.4% 1 3.8% 18 24.3%

Year of publication
Publication < 2014 8 16.7% 0 0.0% 8 10.8%
Publication � 2014 40 83.3% 26 100.0% 66 89.2%

Time interval between last injection and antibody measure (days)
Mean [standard deviation] 31.2 [220] 26.1 [32] 29.3 [179]

Antibody measurement method
Maximal dilution 35 72.9% 24 92.3% 59 79.7%
Effective concentration 90 (EC90) 13 27.1% 2 7.7% 15 20.3%

Antigen used for antibody detection: nature
Glycoprotein (GP) 45 93.8% 25 96.2% 70 94.6%
Other nature (virion, nucleoprotein) 3 6.2% 1 3.8% 4 5.4%

Antigen used for antibody detection: Ebola strain
Mayinga 14 36.8% 16 72.7% 30 50.0%
Kikwit 18 47.4% 5 22.7% 23 38.3%
Makona 6 15.8% 1 4.5% 7 11.7%
Missing data 10 – 4 – 14 –

Similarity between strain used as vaccine insert and strain used for antibody detection
Different strains 9 32.1% 6 27.3% 15 30.0%
Identical strains 19 67.9% 16 72.7% 35 70.0%
Missing data 20 – 4 – 24 –

CAdVax: complex adenovirus-based vector, DNA: deoxyribonucleic acid, GP: glycoprotein, HPIV3: human parainfluenza virus 3, MVA: modified vaccinia Ankara, NDV:
Newcastle disease virus, RhCMV: rhesus cytomegalovirus cytomegalovirus, VLP: virus-like particles, VRP VEEV: Venezuelan equine encephalitis virus replicon particle, VSV:
vesicular stomatitis virus.
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+0.70, p = 0.021), and the Ebola species of vaccine insert (for
multivalent and other species versus monovalent Zaire: �0.47,
p = 0.027).

Alone, the vaccine platform was the factor which explained the
largest part of heterogeneity among all the studied factors (R2 for
vaccine platform = 55%). For all the univariate models, the
heterogeneity was very high with I2 ranging from 97% to 99%.

Results of the final multivariate meta-regression model are
shown in Table 4. High heterogeneity was found with a I2 of 95%
and a R2 of 68%, even after adjustment on the factors associated



Figure 4. Forest plot of antibody titre after Ebola vaccination for each vaccination group by vaccine platform. Colour codes indicate dose levels within a given platform. GP:
glycoprotein. PFU: plaque forming unit. VP: viral particle. TCID: tissue culture infectious dose.
References for Figure 4:
1: Agnandji 2016, VSV vaccine (3.106 PFU) with Zaire insert, Germany, detection with Zaire Kikwit GP
2: Agnandji 2016, VSV vaccine (2.107 PFU) with Zaire insert, Germany, detection with Zaire Kikwit GP
3: Agnandji 2016, VSV vaccine (3.105 PFU) with Zaire insert, Gabon, detection with Zaire Kikwit GP
4: Agnandji 2016, VSV vaccine (3.106 PFU) with Zaire insert, Gabon, detection with Zaire Kikwit GP
5: Agnandji 2016, VSV vaccine (3.106 PFU) with Zaire insert, Kenya, detection with Zaire Kikwit GP
6: Agnandji 2016, VSV vaccine (2.107 PFU) with Zaire insert, Kenya, detection with Zaire Kikwit GP
7: Agnandji 2016, VSV vaccine (1.107 PFU) with Zaire insert, Switzerland, detection with Zaire Kikwit GP
8: Agnandji 2016, VSV vaccine (5.107 PFU) with Zaire insert, Switzerland, detection with Zaire Kikwit GP
9: De Santis 2016, ChAd3 vaccine (2.5.1010 VP) with Zaire Mayinga insert, Switzerland, detection with Zaire Mayinga GP
10: De Santis 2016, ChAd3 vaccine (5.1010 VP) with Zaire Mayinga insert, Switzerland, detection with Zaire Mayinga GP
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with antibody response in this final model. This emphasises the
lack of factors that explained the antibody response among the
variables included in the model.

Vaccine platform and viral strain used for detection were the
two factors which were independently associated with antibody
response after vaccination against Ebola. Compared to the MVA
vaccine platform, the recombinant vaccines using DNA or Ad26
(associated or not with an injection of MVA vaccine), ChAd3or VSV
vectors were significantly associated with a higher antibody
response after vaccination (more than 1.2 log10 units more
compared to MVA alone). The statistical association between the
vaccine platform and the antibody response was strong and
consistent regardless of which other variables were included in the
model (sensitivity analyses, data not shown). The antibody
response using Makona strain for antibody detection was
significantly higher than with use of Mayinga strain (1 log10 unit
more compared to the Mayinga strain). By contrast, the antibody
11: Ewer 2016, ChAd3 vaccine (2.5.1010 VP) with Zaire Mayinga insert + boost MVA vaccin
Zaire Mayinga GP (Jenner method)
12: Ewer 2016, ChAd3 vaccine (2.5.1010 VP) with Zaire Mayinga insert + boost MVA vacci
(ADI method)
13: Ewer 2016, ChAd3 vaccine (2.5.1010 VP) with Zaire Mayinga insert + boost MVA vaccin
(Jenner method)
14: Ewer 2016, ChAd3 vaccine (2.5.1010 VP) with Zaire Mayinga insert + boost MVA vaccin
(ADI method)
15: Ewer 2016, ChAd3 vaccine (1 to 5.1010 VP) with Zaire Mayinga insert + boost MVA va
16: Huttner 2015, VSV vaccine (3.105 PFU) with Zaire insert, Switzerland, detection wi
17: Kennedy 2017, ChAd3 vaccine (2.1011 PU) with Zaire insert, Liberia
18: Kennedy 2017, VSV vaccine (2.107 PFU) with Zaire insert, Liberia
19: Kibuuka 2015, 3 injections of DNA vaccine (4 mg) with multivalent insert, Uganda
20: Kibuuka 2015, 3 injections of DNA vaccine (8 mg) with multivalent insert, Uganda
21: Ledgerwood 2010, Ad5 vaccine (2.109 VP) with multivalent insert, USA, detection w
22: Ledgerwood 2010, Ad5 vaccine (2.1010 VP) with multivalent insert, USA, detection
23: Ledgerwood 2014, ChAd3 vaccine (2.1010 PU) with multivalent insert, USA, detecti
24: Ledgerwood 2014, ChAd3 vaccine (2.1010 PU) with multivalent insert, USA, detecti
25: Ledgerwood 2014, ChAd3 vaccine (2.1011 PU) with multivalent insert, USA, detecti
26: Ledgerwood 2014, ChAd3 vaccine (2.1011 PU) with multivalent insert, USA, detectio
27: Li 2017, 2 injections of Ad5 vaccine (4.1010 VP) with Zaire Makona insert, China
28: Li 2017, 2 injections of Ad5 vaccine (1.6.1011 VP) with Zaire Makona insert, China
29: Martin 2006, 3 injections of DNA vaccine (2 mg) with multivalent insert, USA, det
30: Martin 2006, 3 injections of DNA vaccine (4 mg) with multivalent insert, USA, det
31: Martin 2006, 3 injections of DNA vaccine (4 mg) with multivalent insert, USA, det
32: Martin 2006, 3 injections of DNA vaccine (8 mg) with multivalent insert, USA, det
33: Martin 2006, 3 injections of DNA vaccine (8 mg) with multivalent insert, USA, det
34: Milligan 2016, MVA vaccine (108 TCID50) with multivalent insert, UK, detection w
35: Milligan 2016, MVA vaccine (108 TCID50) with multivalent insert + boost Ad26 vacci
36: Milligan 2016, Ad26 vaccine (5.1010 VP) with Zaire Mayinga insert, UK, detection w
37: Milligan 2016, Ad26 vaccine (5.1010 VP) with Zaire Mayinga insert + boost MVA vacci
38: Milligan 2016, MVA vaccine (108 TCID50) with multivalent insert, UK, detection w
39: Milligan 2016, MVA vaccine (108 TCID50) with multivalent insert + boost Ad26 vacci
40: Milligan 2016, Ad26 vaccine (5.1010 VP) with Zaire Mayinga insert, UK, detection w
41: Milligan 2016, Ad26 vaccine (5.1010 VP) with Zaire Mayinga insert + boost MVA vacci
42: Milligan 2016, Ad26 vaccine (5.1010 VP) with Zaire Mayinga insert, UK, detection w
43: Milligan 2016, Ad26 vaccine (5.1010 VP) with Zaire Mayinga insert + boost MVA vacc
44: Rampling 2015, ChAd3 vaccine (1010 VP) with Zaire Mayinga insert, UK, detection
45: Rampling 2015, ChAd3 vaccine (2.5.1010 VP) with Zaire Mayinga insert, UK, detect
46: Rampling 2015, ChAd3 vaccine (5.1010 VP) with Zaire Mayinga insert, UK, detectio
47: Regules 2015, VSV vaccine (3.106 PFU) with Zaire Kikwit insert, USA, detection wit
48: Regules 2015, VSV vaccine (3.106 PFU) with Zaire Kikwit insert, USA, detection wit
49: Regules 2015, VSV vaccine (2.107 PFU) with Zaire Kikwit insert, USA, detection wit
50: Regules 2015, VSV vaccine (2.107 PFU) with Zaire Kikwit insert, USA, detection wit
51: Sarwar 2015, 3 injections of DNA vaccine (4 mg) with multivalent insert, USA, dete
52: Sarwar 2015, 4 injections of DNA vaccine (4 mg) with multivalent insert, USA, dete
53: Tapia 2016, ChAd3 vaccine (1010 VP) with Zaire insert, Mali, detection with Zaire G
54: Tapia 2016, ChAd3 vaccine (2.5.1010 VP) with Zaire insert, Mali, detection with Zair
55: Tapia 2016, ChAd3 vaccine (5.1011 VP) with Zaire insert, Mali, detection with Zaire
56: Tapia 2016, ChAd3 vaccine (1012 VP) with Zaire insert, Mali, detection with Zaire G
57: Tapia 2016, ChAd3 vaccine (1010 to 1012 VP) with Zaire insert + boost MVA vaccine 

58: Zhu 2015, Ad5 vaccine (4.1010 VP) with Zaire Makona insert, China, detection with
59: Zhu 2015, Ad5 vaccine (1.6.1011 VP) with Zaire Makona insert, China, detection wit
60: Zhu 2016, Ad5 vaccine (4.1010 VP) with Zaire Makona insert, Sierra Leone, detectio
61: Zhu 2016, Ad5 vaccine (1.6.1011 VP) with Zaire Makona insert, Sierra Leone, detect
response with Kikwit detection strain was not significantly
different from the ones with Mayinga strain.

The vaccine dosage, analysed as a binary variable of high versus
low dose in the present analyses, was not found to be associated
with antibody response variability. Different classifications were
tested for this variable (same threshold across the different vaccine
platforms corresponding to the mean dose level for categorizing
into “low-dose” and “high-dose” groups, classification into three
categories, classification of groups with undifferentiated dosages
into “low-dose” or into “high-dose” groups), but the dosage was
never significant in the multivariate models in these sensitivity
analyses (data not shown), nor was the interaction between dose
and vaccine platform.

In additional sensitivity analyses, a full model including all
variables significantly associated with the antibody response in
univariate models (i.e. with no forward selection procedure) did
not modify heterogeneity (I2 = 92%) compared to the model
e at D7 (1.5.108 PFU) with multivalent insert, United Kingdom (UK), detection with

ne at D7 (1.5.108 PFU) with multivalent insert, UK, detection with Zaire Mayinga GP

e at D14 (1.5.108 PFU) with multivalent insert, UK, detection with Zaire Mayinga GP
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Table 4
Results of a random-effect meta-regression model (with fixed intragroup variance) of determinants of antibody titre (log10) after Ebola vaccination according to
characteristics of vaccine, population, and measurement techniques. Multivariate analysis. I2 = 95.31%, R2 = 68.45%.

Determinants of antibody response Estimated β [CI 95%] p value

Vaccine platform (reference: MVA vaccine) <0.001
DNA 0.43 [�0.52; 1.37] 0.379
Ad26 1.15 [033; 197] 0.006
Ad26/MVA or MVA/Ad26 2.32 [158; 307] <0.001
Ad5 0.54 [�0.42; 1.50] 0.268
ChAd3 0.97 [010; 183] 0.028
ChAd3/MVA 0.81 [�0.13; 1.76] 0.091
VSV 1.46 [079; 213] <0.001

Viral strain used for antibody detection (reference: Mayinga strain) <0.001
Kikwit 0.30 [�0.27; 0.86] 0.301
Makona 0.99 [050; 148] <0.001
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presented above. In the full model, the vaccine platform was
significantly associated with the antibody response (p = 0.002), but
the viral strain used to detect the antibody response after
vaccination was not (p = 0.996). The other variables were not
associated with the antibody response.

Discussion

This systematic review on preventive Ebola vaccine trials has
found 49 studies conducted in humans or in NHP. The meta-
analysis, using a random-effect inverse variance meta-regression
including 61 human vaccination groups, showed a major part of
antibody response variability in humans that remained unex-
plained by the factors included in the model. Indeed, the between-
group heterogeneity I2 exceeded 90%, even after adjustment for the
factors associated with antibody response. Two significant
determinants were independently associated with antibody
response after preventive vaccination against EVD: the Ebola
vaccine platform and the Ebola strain used for antibody detection.

The use of a systematic review methodology, including
solicitation of experts, allowed us to conduct exhaustive descrip-
tive analyses on all Ebola vaccinated groups in NHP or humans
published in the literature up to January 2017. Our descriptive
results showed an extreme variability of study designs and
features, especially in nonhuman primate trials. This variability
is related to the recentness of the research topic. The higher
variability within nonhuman primate studies compared to human
trials is easily explained by the process of vaccine development,
which selects for further clinical trials only the subset of candidate
vaccines proven to be immunogenic in nonhuman primates. The
comparison of antibody response levels between humans and
nonhuman primate only had an indicative purpose. It is indeed
difficult to compare these very different models, mostly because of
potential multiple confounding factors.

Due to the low sample size of each group of nonhuman
primates, we decided to restrict heterogeneity analyses to human
groups. Human groups with small sample size were excluded,
since their between-group variance would have been too low to
contribute to the meta-regression model. It was not possible to
pool small groups together because of high heterogeneity in the
factors likely to influence the antibody response (vaccine and
population characteristics, and measure of antibody response). The
threshold of at least 8 individuals per group allowed us to include
the majority of human groups in the meta-regression. Sensitivity
analyses using a threshold of 10 individuals led to the same final
results.

The very high heterogeneity between vaccination groups could
be explained by various reasons. Firstly, some factors influencing
the antibody response may be missing, for instance, genetic factors
that are influencing the immunogenicity of the vaccines (Sridhar,
2015). Secondly, the analysis of grouped data, due to unavailability
of individual data for the groups included in our meta-regression
model, led to a lack of precision in the estimation of influence of
factors on antibody response, and also in the evaluation of
antibody response heterogeneity across vaccination groups.
Thirdly, the enzyme-linked immunosorbent assay (ELISA) measur-
ing relative antibody concentration of immunoglobulin G against
EBOV glycoprotein used in the different trials could have a
variation of its precision (Logue et al., 2018). Lastly, the extreme
variability of study designs certainly explains parts of the high
between-group variance for antibody response observed in our
results.

Despite the major between-group heterogeneity in our meta-
regression model, two factors significantly associated with
antibody response variability could be identified. The Ebola strain
used for antibody detection seems to influence the results of ELISA
tests. This demonstrates the importance of harmonisation for the
measurement methods used in vaccines evaluations, and high-
lights the difficulty in directly comparing published results across
several trials. The Ebola vaccine platform was also strongly
associated with antibody response.

For the other factors studied in our meta-analysis, no
association was found with the antibody response variability. In
particular, the vaccine dosage did not have any significant
influence on the level of the antibody response in our results.
We acknowledge that the use of a binary variable may have limited
the ability to detect a dose-effect in the meta-regression. However,
the regression result is consistent with the descriptive results that
also did not suggest a clear dose-immunogenicity relationship
within a given vaccine platform.

No population characteristic was independently associated
with the antibody response after Ebola vaccination. It may be
possible that the low diversity of the population, which is directly
related to the strict criteria for selection of trial participants,
prevented the identification of a potential impact of these
population characteristics on the antibody response.

Conclusion

Our findings show that there are still significant uncertainties in
the determinants of the antibody response after preventive
vaccination against Ebola virus disease. This emphasises the
interest of harmonizing measurement methods and study designs.
Furthermore, it indicates the impossibility to directly compare
results from one published study to another or to extrapolate
results, due to considerable variations in studies features.
Assessment of immunogenicity between Ebola vaccines needs
randomised controlled multi-arm trials, as performed in PREVAIL
study (NCT02344407) and PREVAC study (NCT02876328).
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