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Summary
Background This analysis evaluated the immune response to the two-dose, heterologous Ad26.ZEBOV, MVA-BN-Filo
Ebola virus vaccine regimen, administered 56-days apart, from multiple African sites based on results from one
analytic laboratory.

Methods Immunogenicity across three trials (EBL2002, EBL2004/PREVAC, EBL3001) conducted in East and West
Africa is summarised. Vaccine-induced Ebola glycoprotein-binding antibody concentrations were analysed by Q2

Solutions laboratory at baseline, 21 days (EBL2002 and EBL3001) or 28 days (EBL2004) post-dose 2 (regimen
completion), and 12 months post-dose 1 using the validated Filovirus Animal Nonclinical Group Ebola
glycoprotein enzyme-linked immunosorbent assay (ELISA). Responders were defined as those with a >2.5-fold
increase from baseline or the lower limit of quantification (LLOQ) if <LLOQ at baseline.

Findings At 21 or 28 (21/28) days post-dose 2, the geometric mean concentration (GMC) range was 3810–7518 ELISA
units (EU)/mL (percent responders: ≥98%) in adults, 9929–13532 EU/mL (≥98%) in adolescents aged 12–17 years,
10,212–17388 EU/mL (≥99%) in older children, and 22,568–25111 EU/mL (≥98%) in younger children. When
stratified by country, GMCs at 21/28 days post-dose 2 were generally similar among adults and within paediatric
cohorts (percent responders: 95%–100%). At month 12, GMC range was 259–437 EU/mL (percent responders:
49%–88%) in adults and 386–1139 EU/mL (70%–100%) in paediatric participants.

Interpretation Based on data from a single laboratory using a single validated assay, Ad26.ZEBOV, MVA-BN-Filo
induced a strong humoral immune response, with ≥95% of participants across countries classified as responders
at 21/28 days post-dose 2 (regimen completion), regardless of age.
*Corresponding author. Janssen Vaccines & Prevention BV, Archimedesweg 6, 2333 CN, Leiden, the Netherlands.
E-mail address: cmclean@its.jnj.com (C. McLean).
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Research in context

Evidence before this study
Outbreaks of Ebola virus disease present a global public health
concern and, therefore, development of effective vaccines is
crucial. In clinical trials, specific biomarkers can act as
surrogates for clinical outcomes, especially when data for the
latter may take many years to gather or the population to be
studied is very large. For infectious diseases in particular,
elicitation of an immune response and suppression of
pathogen replication according to predefined thresholds have
been used as surrogate endpoints for the regulatory approval
of antiviral therapies and prophylactic vaccines, rather than
progression of disease or development of organ damage.
However, a consistent antibody assay to determine the
response to a vaccine across different populations is required
to accurately assess outcomes.
We searched PubMed on December 13, 2021, using the
following search terms “ebola OR hepatitis B OR yellow fever
OR pneumococcus OR measles” AND “vaccine response
heterogeneity OR vaccine response variability OR vaccine
immunogenicity heterogeneity OR vaccine immunogenicity
response variability OR vaccine response geographical
variation”. We searched for clinical and epidemiological
research, published with no time limits, up to December 13,
2021, with no language restrictions. This search yielded two
meta-analyses and three studies that directly compared
geographic variations in vaccine response rates and identified
differences in response rates between studies and countries.
One meta-analysis found that antibody responses to
pneumococcal immunisation after two or three doses (most
studies had an interval of 1 or 2 months between the first two
doses) were generally higher in the Western Pacific region,
Southeast Asia, and Africa relative to Europe and North
America; similarly, the other meta-analysis reported that
antibody response to yellow fever vaccination was higher in
non-endemic versus endemic regions. With respect to Dengue
fever vaccination, one study described a greater response 28
days after each dose (given at months 0, 6, and 12) in Latin
America compared with Southeast Asia. The second study
observed differences in antibody response assessed at various

timepoints (range, 4–67 weeks) after hepatitis B vaccination
across regions within the Gambia. The third study evaluated
results from three phase 1 clinical trials of vaccine regimens
containing Ad26.ZEBOV and MVA-BN-Filo vaccines for Ebola
virus disease and reported significantly higher antibody
responses 1 year after the first vaccination dose among
European participants compared with participants from East
Africa. Lower immune responses with an Ad26.ZEBOV, MVA-
BN-Filo vaccination 21 days after the second dose have also
been observed in participants from Sierra Leone compared to
those in participants from other African countries, Europe,
and the United States.

Added value of this study
In the current analysis of data from multiple African sites in
three phase 2 studies, the primary outcome was the vaccine-
elicited Ebola virus glycoprotein-binding antibody response to
the two-dose, heterologous Ad26.ZEBOV, MVA-BN-Filo
vaccine regimen administered in a 56-day interval.
Immunogenicity was measured at a single analytic laboratory
using the validated Filovirus Animal Nonclinical Group
enzyme-linked immunosorbent assay.
Ebola virus glycoprotein-binding antibody concentrations
were measured at 21 or 28 days, depending on the study,
after the second dose and at month 12 after the first dose in
adults and paediatric participants. While there were
differences in antibody geometric mean concentrations
(GMCs) across countries (Sierra Leone, Mali, Liberia, Guinea,
Burkina Faso, Côte d’Ivoire, Uganda, and Kenya), the overall
GMCs were generally similar in adults and within paediatric
age groups at each timepoint.

Implications of all the available evidence
According to data analysed at a single laboratory using a
validated assay, the two-dose, heterologous Ad26.ZEBOV,
MVA-BN-Filo vaccine regimen elicited robust Ebola virus
glycoprotein antibody responses, in participants from eight
African countries, that persisted up to approximately 12
months after the first vaccine dose.
Introduction
Recent large outbreaks of Ebola virus (EBOV) disease
(EVD) resulted in nearly 2300 deaths in the Demo-
cratic Republic of the Congo (DRC) and Uganda
(2018–2020) and more than 11,300 deaths in Guinea,
Liberia, and Sierra Leone (2014–2016).1 There were
three reported EVD outbreaks in 2021 (one in Guinea,
two in the DRC), two outbreaks in 2022 in the DRC,
and one outbreak spanning 2022 to 2023 in
Uganda.2–5
www.thelancet.com Vol 91 May, 2023
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Two EVD vaccines, rVSV-ZEBOV manufactured by
Merck (Whitehouse Station, NJ, USA) and the
Ad26.ZEBOV, MVA-BN-Filo regimen manufactured by
Janssen (Beerse, Belgium), are currently pre-qualified by
the World Health Organization. The heterologous, two-
dose Ad26.ZEBOV, MVA-BN-Filo vaccine regimen
comprises one dose of the monovalent, replication-
incompetent, adenovirus type 26 vector–based vaccine
encoding the EBOV glycoprotein (GP; Mayinga variant,
Ad26.ZEBOV), followed 56 days later by a dose of the
recombinant, non-replicating, modified vaccinia
Ankara-vectored vaccine encoding GPs from the EBOV
(Mayinga variant), Sudan virus (Gulu variant), and
Marburg virus (Musoke variant), plus the Tai Forest
virus nucleoprotein (MVA-BN-Filo).

The current analysis evaluated the immune response
to the Ad26.ZEBOV, MVA-BN-Filo vaccine regimen,
administered in a 56-day interval, from multiple African
sites based on results from a single analytic laboratory.
Regulatory agencies recognise the need for validated
surrogate endpoints6,7 and prefer the use of a fully vali-
dated assay, with testing conducted at a single (central)
accredited laboratory, with the same laboratory used
throughout the clinical development programme to
eliminate inter-laboratory variability that may impact
results and possibly confound conclusions.6,7 The use of
a single laboratory can also facilitate comparison of re-
sponses across populations and lend credence to a vac-
cine’s ‘true’ response.

EBOV GP-binding antibodies were previously iden-
tified as an immune parameter highly correlated with
survival after EBOV challenge in non-human primates
vaccinated with Ad26.ZEBOV, MVA-BN-Filo.8 A single
assay from a single laboratory was validated and sub-
sequently accepted by regulatory agencies to measure
the vaccine-elicited binding antibody responses in both
non-human primates and humans.9 Therefore, the pri-
mary immunogenicity outcome measure for the
Ad26.ZEBOV, MVA-BN-Filo regimen is binding anti-
body concentrations against EBOV GP, as measured by
the Filovirus Animal Nonclinical Group (FANG)
enzyme-linked immunosorbent assay (ELISA) at Q2

Solutions Vaccine Testing Laboratory. The aim of this
study was to assess EBOV GP-binding antibody con-
centrations measured using a one-assay, one-lab strategy
(ie, FANG ELISA at Q2 Solutions) in different age
groups across multiple African countries using samples
from three clinical trials of the Ad26.ZEBOV, MVA-BN-
Filo vaccine regimen.

Methods
Three late-development studies were selected for inclu-
sion in this report: EBL2002, Partnership for Research
on Ebola VACcination (PREVAC; hereafter referred to
as EBL2004), and EBL3001.10–14 This analysis included
only studies that analysed samples using the FANG
ELISA assay at Q2 Solutions laboratory, were conducted
www.thelancet.com Vol 91 May, 2023
in sub-Saharan African countries, and evaluated the
safety and immunogenicity of the Ad26.ZEBOV, MVA-
BN-Filo vaccine regimen with dosing on days 1 and 57,
respectively, in individuals aged ≥1 year. This allowed
immune responses to be examined more accurately in
different age groups and across different countries
within sub-Saharan Africa. A formal literature review
was not performed.

Studies EBL2002 and EBL3001 assessed the EBOV
GP-binding antibody response at various timepoints
after vaccination via the validated FANG ELISA assay
undertaken at a single analytic laboratory (Q2 Solutions,
San Juan Capistrano, CA, USA). Study EBL2004
assessed EBOV GP-binding antibody concentrations at
different timepoints after vaccination via a FANG
ELISA, but at two different laboratories (Liberian Insti-
tute for Biomedical Research [Charlesville, Liberia] and
the National Institute of Allergy and Infectious Diseases
Integrated Research Facility [Frederick, Maryland,
USA]). For the current analysis, a subset of samples
from EBL2004 was analysed by Q2 Solutions laboratory
using the validated FANG ELISA assay.

Completed phase 1 studies of vaccination with
Ad26.ZEBOV, MVA-BN-Filo, even if conducted in Af-
rican countries, were not included in this analysis
because the FANG ELISAs were run at Battelle
Biomedical Research Center (BBRC; Columbus, OH,
USA). The FANG ELISA at BBRC is a validated assay
and BBRC is an accredited laboratory; however,
comparing these results with FANG ELISA results from
Q2 Solutions would not align with the one-assay, one-lab
strategy. Other completed studies were not included
because they either were not conducted in African
countries (EBL2001, EBL3002, EBL3003), did not enrol
participants aged ≥1 year (EBL2005), or did not include
assessment of the licensed regimen (EBL2003,
EBL2010, EBL2011).

Results of the current analysis are presented by study
and stratified by geographic location and, for paediatric
participants, further stratified by age group. In EBL2002
and EBL3001 stage 2,11,14 the EBOV GP-binding antibody
response was assessed in adolescents aged 12–17 years,
older children aged 4–11 years, and, in EBL3001 stage 2
only, younger children aged 1–3 years. EBL2004
assessed EBOV GP-binding antibody response in ado-
lescents aged 12–17 years, older children aged 5–11
years, and younger children aged 1–4 years.12

Trial designs and participants
The phase 2, randomised, placebo-controlled EBL2002
study (ClinicalTrials.gov identifier: NCT02564523) eval-
uated the safety and immunogenicity of Ad26.ZEBOV
followed by MVA-BN-Filo 28, 56, and 84 days later in
healthy adults, human immunodeficiency virus (HIV)-
infected adults, and children aged 4–17 years at seven
sites in four African countries (Uganda, Kenya, Burkina
Faso, Côte d’Ivoire).10,11 Enrolment began on 9
3
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November 2015 for adults and 26 February 2016 for
paediatric participants; the last visits for these groups for
immunogenicity occurred on 12 February 2019 and 28
November 2018, respectively. All samples were analysed
by Q2 Solutions between July 2017 and March 2019.

EBL2004/PREVAC was a randomised, double-blind,
placebo-controlled, phase 2 trial (NCT02876328) con-
ducted at six sites in Guinea, Liberia, Mali, and Sierra
Leone.12,15 Healthy individuals aged ≥1 year were
eligible to participate and were randomised to one of five
study arms. Enrolment began on 16 April 2018 and the
last visits for immunogenicity occurred on 25 November
2019 for adults and 12 December 2019 for paediatric
participants. Additional details of the EBL2004 study
design are provided in the Supplementary methods.

Serum aliquots from a subset of participants in
EBL2004, at selected timepoints, were sent to Q2 Solu-
tions laboratory for FANG ELISA analysis. Data
presented here from the Ad26.ZEBOV, MVA-BN-Filo
(56-day interval) and matching placebo arms are based
on this subset of samples analysed by Q2 Solutions. All
samples were analysed by Q2 Solutions between July
2020 and September 2021.

EBL3001 (NCT02509494) evaluated the safety and
immunogenicity of Ad26.ZEBOV followed by MVA-BN-
Filo 56 days later in individuals ≥1 year of age in Sierra
Leone.13,14 Stage 1 was an open-label study conducted in
adults and stage 2 was a randomised, active-controlled
(meningococcal quadrivalent conjugate vaccine [Men-
ACWY] followed by placebo) trial in adults and paedi-
atric participants. Enrolment began on 30 September
2015 for adults and 04 April 2017 for paediatric partic-
ipants; the last visits for immunogenicity occurred on 24
October 2018 and 28 June 2019, respectively. All sam-
ples were analysed by Q2 Solutions between May 2017
and August 2019.

In all three studies, male and female adults and
children were enroled, with sex self-reported by partic-
ipants or by observation, and previous history of EVD
was an exclusion criterion. In all three studies,
Ad26.ZEBOV (5 × 1010 viral particles) and MVA-BN-Filo
(1 × 108 infectious units) were administered by intra-
muscular injection.

Outcomes
The principal immunogenicity readout for EBL2002 and
EBL3001 was the EBOV GP-binding antibody con-
centration at day 21 post–MVA-BN-Filo vaccination
(post-dose 2 [regimen completion]).10,11,13,14 Secondary
outcomes included EBOV GP-binding antibody con-
centrations measured 12 months post-Ad26.ZEBOV
vaccination (post-dose 1). The primary endpoints for the
current analysis of EBL2004 were EBOV GP-binding
antibody response at day 28 post-dose 2 (regimen
completion) and month 12 post-dose 1. Samples from
all studies were analysed according to Q2 Solution’s
FANG ELISA standard operating procedure (SOP) and a
single reportable value for each participant sample at
each timepoint was uploaded for statistical analysis.

For all studies, a response was defined as a >2.5-fold
increase from baseline in EBOV GP-binding antibody
concentration or a post-baseline value >2.5 times the
lower limit of quantification (LLOQ) of 36.11 ELISA
units (EU)/mL, if the sample was negative at baseline.

Ethics
All study protocols were approved by local and national
independent ethics committees and institutional review
boards (IRBs), and the studies were conducted accord-
ing to the Declaration of Helsinki and International
Conference on Harmonisation Good Clinical Practice
Guidelines.10–14

The EBL2002 protocol and amendments were
reviewed and approved in Burkina Faso by the Burkina
Faso Central Ethics Committee (approval number: 2017-
02-023); in Côte d’Ivoire by the Comite National
D’Ethique de La Recherche (IRB00009111, reference
number: 063-18/MSHP/CNER-km); in Kenya by the
Kenyatta National Hospital/University of Nairobi Ethical
Review Committee (IRB00002139, reference number:
KNH-ERC/Mod&SAE/290); and in Uganda by the
Uganda Virus Research Institute Research Ethics
Committee (IRB00001693, reference number: GC/127/
17/10/517) and the Makerere University School of
Public Health Research and Ethics Committee
(IRB00005876, reference number: MUSPH#326).10,11

The EBL2004 study protocol and the informed con-
sent and assent forms, including participants’ informa-
tion materials, were approved by ethics committees of
the sponsors (Comité d’Evaluation Ethique de l’Inserm
[IRB00003888] and the London School of Hygiene &
Tropical Medicine Ethics Committee [IRB00008403])
and the implementing countries (Guinea: Comité Na-
tional d’Ethique pour la Recherche en Santé
[IRB00009682]; Liberia: National Health Science
Research Ethics Committee [IRB00010040]; Mali: UMali
Faculty Med Pharmacy & Dentistry [IRB00001983]; and
Sierra Leone: Sierra Leone Ethics and Scientific Review
Committee [IRB00007981]) before each version of the
protocol was implemented.12 The National Institutes of
Health established an institutional reliance agreement
with Inserm to rely upon the Inserm ethics committee.

The EBL3001 protocol and amendments were
reviewed and approved by the Sierra Leone Ethics and
Scientific Review Committee (IRB00007981) and the
London School of Hygiene & Tropical Medicine Ethics
Committee (reference number: 9726).13,14

All adult participants supplied written informed
consent before enrolment. For paediatric participants,
parents or guardians provided written informed consent
for their child to join the trial. Older children (aged 6 or
12 years and older, depending on country, in EBL2002,
and aged 7 years and older in EBL2004 and EBL3001)
also gave written assent.
www.thelancet.com Vol 91 May, 2023
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Statistics
Immunogenicity results from EBL2002, a subset of
EBL2004 participants randomised to the Ad26.ZEBOV,
MVA-BN-Filo regimen and matching placebo group,
and EBL3001 are reported here. Baseline demographic
characteristics are also reported. For EBL2004, a subset
of 373 (27%) of 1399 participants aged ≥18 years,
stratified by country, were selected at random in a 2:1
ratio of Ad26.ZEBOV, MVA-BN-Filo regimen to
matching placebo to ensure that the distribution of the
selected participants was similar to the overall partici-
pant distribution across groups (Fig. 1a). Random se-
lection was done before sample analysis. Additionally,
11 adult participants were selected from the Ad26.ZE-
BOV, MVA-BN-Filo group after unblinding due to un-
availability of month 12 samples for some selected
participants. For paediatric participants aged 1–17 years,
available samples of all participants without protocol
deviations that could influence immune responses were
analysed (Fig. 1b). For all studies, outcomes were
assessed separately for adults and paediatric
participants.

The analysis set for immunogenicity (per-protocol)
included all vaccinated participants who received both
vaccinations within the protocol-defined time window,
  

ParƟcipants randomised to the Ad26.ZEBOV, MVA-BN-Filo arm in the 
EBL2004 study 

(n=907) 

ParƟcipants who had ≥4 serum aliquots at both baseline and 28 days post-
dose 2, received the dose 2 vaccinaƟon, had no major protocol deviaƟons, 

and aƩended every protocol visit between baseline and 28 days post-dose 2 
within the protocol-defined visit window 

(n=838) 

Selected at random for the current analysis 
(n=260)* 

Included in the current analysis (per-protocol set) 
(n=256) 

ParƟcipants randomised to the Ad26.ZEBOV, MVA-BN-Filo arm in the 
EBL2004 study 

(n=664) 

ParƟcipants who were randomised under protocol version 4.0, had ≥3 serum 
aliquots at both baseline and 28 days post-dose 2, received the dose 2 

vaccinaƟon, and had no major protocol deviaƟons 
(n=354) 

Included in the current analysis (per-protocol set) 
(n=353) 

b

a

Fig. 1: Flow diagram for (a) adult and (b) paediatric participants in th
the derivation of samples from participants in the EBL2004 study included
by Q2 Solutions. *This number includes an additional 11 participants w
unblinding due to missing month 12 samples for some randomly selecte

www.thelancet.com Vol 91 May, 2023
had ≥1 evaluable post-vaccination immunogenicity
sample, and had no major protocol deviations that could
have influenced the immune response.

Antibody concentrations for the Ad26.ZEBOV, MVA-
BN-Filo and matched control groups were summarised
as geometric mean concentrations (GMCs) with 95%
confidence intervals (CIs) at each timepoint. As the
minimum clinically meaningful difference in terms of
binding antibody levels is not known, non-overlapping
CIs served to highlight large differences between
subgroups. Responder rates were reported for each post-
baseline timepoint. Subgroup analyses for the propor-
tion of responders at 21 or 28 days post-dose 2 and 12
months post-dose 1 were conducted according to age at
baseline for paediatric participants, and by country.

Mixed effects models were used to estimate an
overall GMC for adult and paediatric participants that
accounted for between-study variation. To estimate an
overall GMC across studies for the adult participants,
the unconditional random intercept model with no
predictors was used to assess between-study variation in
binding antibody concentrations (EU/mL). This model
was fitted on log10-transformed binding antibody con-
centrations (EU/mL) and investigated the variation in
binding antibody concentrations attributable to the
ParƟcipants randomised to the matching placebo arm in the EBL2004 study 
(n=492 randomised) 

ParƟcipants who had ≥4 serum aliquots at both baseline and 28 days post-
dose 2, received the dose 2 vaccinaƟon, had no major protocol deviaƟons, 

and aƩended every protocol visit between baseline and 28 days post-dose 2 
within the protocol-defined visit window 

(n=458) 

Selected at random for the current analysis 
(n=124) 

Included in the current analysis (per-protocol set) 
(n=122) 

ParƟcipants randomised to the matching placebo arm in the EBL2004 study 
(n=293 randomised) 

ParƟcipants who were randomised under protocol version 4.0, had ≥3 serum 
aliquots at both baseline and 28 days post-dose 2, received the dose 2 

vaccinaƟon, and had no major protocol deviaƟons  
(n=162) 

Included in the current analysis (per-protocol set) 
(n=158) 

e EBL2004 study included in the analysis. Flow diagrams showing
in the current analysis with immunogenicity assessments performed
ho were selected for the Ad26.ZEBOV, MVA-BN-Filo regimen after
d participants.
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studies. Using the covariance parameter estimates from
the model, the intraclass correlation coefficient (ICC)
that indicated how much of the total variation in im-
mune response was attributable to the studies was
computed. The general equation for the ICC is given by:

ICC= σ2study
σ2study+σ2error

where σ2study denotes the covariance estimate for the
intercept and σ2error denotes the covariance estimate for
the residual. Accounting for the between-study varia-
tion, the GMCs were obtained by back-transformation of
the estimated mean values and corresponding 95% CI.

For the paediatric participants, the ICC based on the
covariance parameter estimates from a random inter-
cept model with age category as a predictor in the model
was similarly calculated. Afterwards, the overall GMC
for each age category across studies was estimated by
fitting a random intercept and random slope model with
age category as a predictor in the model. These models
were also fitted on log10-transformed binding antibody
concentrations (EU/mL) and the GMCs were obtained
by back-transformation. Before fitting the models,
EBL2004 paediatric participants were reclassified into
the following age groups: 1–3 years, 4–11 years, and
12–17 years, in alignment with the age groups in
EBL2002 and EBL3001. The proportion of variance
explained when controlling for baseline characteristics
was also computed and the results are presented in
Supplementary Tables S1 and S2 for adults and paedi-
atric participants, respectively.

Statistical analyses were performed using SAS soft-
ware, version 9.4 (SAS Institute Inc.; Cary, NC, USA).

Role of the funding source
The sponsors of each study were responsible for the
study design; data collection, analysis, and interpreta-
tion; and writing the study reports. Within study
EBL2004/PREVAC, Janssen was responsible for the
collection, analysis, and interpretation of the FANG
ELISA data presented in this article. The decision to
submit the manuscript for publication was initiated by
Janssen, with approval from the PREVAC Trial Steering
Committee.

Results
Study participants
Baseline characteristics of participants within each of
the three studies in the Ebola vaccine and control groups
and across countries are shown in Tables 1 and 2.10,11,13,14

In the adult subgroups of the Ebola vaccine group, the
median age ranged from 23.0 to 39.0 years, the per-
centage of females ranged from 2% (1 of 43 participants
in EBL3001 stage 1) to 71% (42 of 59 HIV-infected
adults in EBL2002), and the median body-mass index
ranged from 21.6 to 23.7 kg/m2 across studies. In the
adolescent subgroups of the Ebola vaccine group, the
median age was 14.0 years in all studies and the per-
centage of females ranged from 39% (52 of 132 partic-
ipants in EBL2004) to 48% (68 of 142 participants in
EBL3001 stage 2). In the older child subgroups of the
Ebola vaccine group, the median age was 8.0 years in all
studies and the percentage of females ranged from 48%
(54 of 112 participants in EBL2004) to 52% (28 of 54 and
70 of 134 participants in EBL2002 and EBL3001 stage 2,
respectively). In the younger child subgroups of the
Ebola vaccine group, the median age was 3.0 years in
EBL2004 and 2.0 years in EBL3001 stage 2 and the
percentage of females was 55% (60 of 110 participants)
and 43% (54 of 126 participants), respectively.

Immunogenicity
The validated FANG ELISA, analysed by Q2 Solutions,
was used to assess the EBOV GP-binding antibody
response to Ad26.ZEBOV, MVA-BN-Filo for all three
studies. Results presented in the sections that follow
focus on the 56-day interval regimen (ie, dose 1 and
dose 2 administered 56 days apart). Results for the other
interval regimens in EBL2002 are presented in the
original publications.10,11 In all studies, the highest im-
mune responses were detected with the FANG ELISA a
few weeks after administration of dose 2 (sampling at 21
days post-dose 2 in EBL2002 and EBL3001 and at 28
days post-dose 2 in EBL2004).

Results for control group GMCs10,13 and country-
specific GMCs from EBL200210 and EBL2004 in adults
are provided in Supplementary Table S3. Results for
control group GMCs11,14 and country- and age group-
specific GMCs in paediatric participants are presented
in Supplementary Table S4.

EBOV GP-binding antibody response in adults over
time
EBOV GP-binding antibody GMCs at baseline in adults
EBOV GP-binding antibody GMCs at baseline across all
studies and countries were low to undetectable (sup-
plementary results, Supplementary Table S3).

EBOV GP-binding antibody GMCs at 21 or 28 days post-dose
2 in adults
The overall GMC for the 56-day regimen at 21 days post-
dose 2 in EBL2002 was 7518 EU/mL (95% CI:
6468–8740; percent responders: 99%) in healthy adults
and 5283 EU/mL (4094–6817; 100%) in HIV-infected
adults (Fig. 2, Supplementary Figure S1,
Supplementary Table S3).10 The overall GMC at 28 days
post-dose 2 in EBL2004 was 6966 EU/mL (5972–8127;
>99%). For EBL3001, the overall GMCs at 21 days post-
dose 2 were 4784 EU/mL (3736–6125; 98%) and 3810
EU/mL (3312–4383; 98%) in adults in stages 1 and 2,
respectively.13
www.thelancet.com Vol 91 May, 2023
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Study N Age, years Sex, n (%)b Body-mass index, kg/m2

Median (IQR) Male Female Median (IQR)

EBL2002 Cohort 1 (healthy
adults and elderly)

Vaccine 137 31.0 (24.0; 42.0) 89 (65) 48 (35) 22.6 (20.5; 25.4)

Burkina Faso 40 29.0 (22.5; 38.5) 27 (68) 13 (33) 21.4 (20.1; 24.9)

Côte d’Ivoire 18 37.0 (33.0; 40.0) 17 (94) 1 (6) 23.5 (22.1; 25.8)

Kenya 20 29.0 (22.5; 48.0) 9 (45) 11 (55) 22.5 (20.3; 27.6)

Uganda 59 29.0 (23.0; 44.0) 36 (61) 23 (39) 23.1 (21.0; 26.0)

Control 24 30.0 (24.5; 34.0) 15 (63) 9 (38) 21.1 (20.0; 24.5)

Burkina Faso 6 30.5 (30.0; 31.0) 4 (67) 2 (33) 20.7 (19.6; 22.0)

Côte d’Ivoire 3 23.0 (23.0; 47.0) 2 (67) 1 (33) 23.4 (19.3; 25.3)

Kenya 5 22.0 (21.0; 31.0) 3 (60) 2 (40) 20.3 (19.0; 20.7)

Uganda 10 29.5 (27.0; 37.0) 6 (60) 4 (40) 22.5 (20.8; 25.1)

EBL2002 Cohort 2a (HIV-infected) Vaccine 59 39.0 (36.0; 44.0) 17 (29) 42 (71) 23.7 (20.1; 27.5)

Control 12 41.5 (38.0; 46.5) 2 (17) 10 (83) 23.1 (21.8; 27.4)

EBL2004 Vaccine 256 28.0 (22; 41) 136 (53) 120 (47) 22.6 (20.6; 26.5)

Guinea 87 30.0 (23.0; 44.0) 35 (40) 52 (60) 23.7 (21.2; 28.5)

Liberia 67 28.0 (21.0; 40.0) 41 (61) 26 (39) 22.4 (20.6; 28.2)

Mali 49 28.0 (22.0; 40.0) 28 (57) 21 (43) 22.8 (20.3; 28.8)

Sierra Leone 53 26.0 (19.0; 46.0) 32 (60) 21 (40) 21.5 (20.3; 23.5)

Control 122 29.0 (22; 40) 64 (53) 58 (48) 22.6 (20.6; 25.6)

Guinea 44 29.5 (23.0; 40.0) 23 (52) 21 (48) 22.5 (20.5; 26.1)

Liberia 33 24.0 (22.0; 34.0) 16 (49) 17 (52) 23.3 (21.8; 24.6)

Mali 25 31.0 (20.0; 40.0) 11 (44) 14 (56) 22.9 (20.4; 30.3)

Sierra Leone 20 30.5 (22.5; 45.5) 14 (70) 6 (30) 21.7 (20.2; 24.1)

EBL3001 Stage 1 Vaccine 43 23.0 (20.0; 27.0) 42 (98) 1 (2) 21.9 (20.6; 22.9)

Stage 2 Vaccine 191 23.0 (21.0; 30.0) 160 (84) 31 (16) 21.6 (19.8; 22.9)

Control 68 24.0 (20.5; 35.0) 56 (82) 12 (18) 21.3 (20.1; 22.8)

HIV; Human immunodeficiency virus, IQR; Interquartile range. aOne participant in the per-protocol set is excluded from this table as the participant had data at month 1 but
not at month 3 and month 12. bPercentages may not add up to 100 due to rounding.

Table 1: Baseline demographic characteristics for adults in EBL2002, EBL2004,a and EBL3001 (per-protocol analysis set).

Articles
When results were stratified by country across
studies, the 95% CI of participants from Mali was
completely above the 95% CIs of participants from
Guinea, Liberia, Sierra Leone (in studies EBL2004 and
EBL3001 stages 1 and 2), and Uganda (Supplementary
Table S3, Fig. 2).

EBOV GP-binding antibody GMCs at month 12 in adults
In EBL2002 at month 12, the overall GMC for the 56-day
regimen was 342 EU/mL (95% CI: 291–401; percent
responders: 78%) in healthy adults and 338 EU/mL
(253–450; 88%) in HIV-infected adults (Supplementary
Figure S2, Supplementary Table S3).10 At month 12 in
EBL2004, the overall GMC was 437 EU/mL (352–542;
80%). For EBL3001, the 12-month overall GMC was 325
EU/mL (238–445; 77%) and 259 EU/mL (223–301; 49%)
for stages 1 and 2, respectively.13

When assessing non-overlapping 95% CIs across
studies, the overall response at month 12 in EBL2004
was higher than the response in EBL3001 stage 2, but
not stage 1. When results were stratified by country at
month 12, the 95% CI in participants from Mali was
above the 95% CIs in participants from Sierra Leone in
www.thelancet.com Vol 91 May, 2023
EBL3001 stage 2 and Uganda (Supplementary
Figure S2, Supplementary Table S3).

EBOV GP-binding antibody response in paediatric
participants over time
EBOV GP-binding antibody GMCs at baseline in paediatric
participants
EBOV GP-binding antibody GMCs at baseline across all
studies, age groups, and countries were low to unde-
tectable (supplementary results, Supplementary
Table S4).

EBOV GP-binding antibody GMCs at 21 or 28 days post-dose
2 in paediatric participants
In EBL2002, the overall GMC at 21 days post-dose 2 for
the 56-day regimen was 13,532 EU/mL (95% CI:
10,732–17061; percent responders: 100%) in adoles-
cents and 17,388 EU/mL (12,973–23306; 100%) in older
children (Fig. 3a and b, Supplementary Figure S3a and
b, Supplementary Table S4).11

The overall GMC at 28 days post-dose 2 in EBL2004
was 12,279 EU/mL (95% CI: 10,432–14452; percent
responders: 100%) in adolescents, 15,797 EU/mL
7
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Study Adolescentsb Older childrenc Younger childrend

N Age, years Sex, n (%)e N Age, years Sex, n (%)e N Age, years Sex, n (%)e

Median (IQR) Male Female Median (IQR) Male Female Median (IQR) Male Female

EBL2002

Vaccine 53 14.0 (13.0; 15.0) 29 (55) 24 (45) 54 8.0 (6.0; 10.0) 26 (48) 28 (52) NA NA NA NA

Burkina Faso 29 14.0 (13.0; 16.0) 19 (66) 10 (34) 23 8.0 (6.0; 9.0) 11 (48) 12 (52) NA NA NA NA

Côte d’Ivoire 0 – – – 12 6.5 (4.0; 8.0) 7 (58) 5 (42) NA NA NA NA

Kenya 12 13.5 (13.0; 15.0) 5 (42) 7 (58) 5 8.0 (7.0; 10.0) 2 (40) 3 (60) NA NA NA NA

Uganda 12 13.5 (12.5; 14.5) 5 (42) 7 (58) 14 10.0 (6.0; 10.0) 6 (43) 8 (57) NA NA NA NA

Control 10 14.0 (12.0; 16.0) 6 (60) 4 (40) 11 7.0 (6.0; 9.0) 6 (55) 5 (45) NA NA NA NA

Burkina Faso 4 16.0 (15.0; 16.5) 3 (75) 1 (25) 4 7.5 (7.0; 8.0) 2 (50) 2 (50) NA NA NA NA

Côte d’Ivoire 0 – – – 2 6.0 (5.0; 7.0) 1 (50) 1 (50) NA NA NA NA

Kenya 2 12.0 (12.0; 12.0) 0 2 (100) 1 9.0 (9.0; 9.0) 1 (100) 0 NA NA NA NA

Uganda 4 14.0 (13.0; 14.5) 3 (75) 1 (25) 4 8.0 (5.5; 10.5) 2 (50) 2 (50) NA NA NA NA

EBL2004

Vaccine 132 14.0 (13; 16) 80 (61) 52 (39) 112 8.0 (6; 9) 58 (52) 54 (48) 110 3.0 (2; 4) 50 (46) 60 (55)

Guinea 42 14.5 (13.0; 16.0) 25 (60) 17 (41) 53 7.0 (6.0; 9.0) 27 (51) 26 (49) 57 3.0 (2.0; 3.0) 26 (46) 31 (54)

Liberia 24 13.5 (12.0; 15.0) 14 (58) 10 (42) 14 7.5 (5.0; 8.0) 6 (43) 8 (57) 5 1.0 (1.0; 3.0) 1 (20) 4 (80)

Mali 22 15.0 (13.0; 16.0) 11 (50) 11 (50) 20 8.0 (6.5; 10.0) 14 (70) 6 (30) 38 3.0 (2.0; 4.0) 19 (50) 19 (50)

Sierra Leone 44 14.0 (13.0; 16.0) 30 (68) 14 (32) 25 9.0 (7.0; 10.0) 11 (44) 14 (56) 10 3.0 (2.0; 4.0) 4 (40) 6 (60)

Control 55 15.0 (13; 16) 30 (55) 25 (46) 54 8.0 (6; 9) 30 (56) 24 (44) 49 3.0 (2; 4) 23 (47) 26 (53)

Guinea 24 15.0 (13.0; 15.0) 12 (50) 12 (50) 20 7.0 (6.0; 9.0) 11 (55) 9 (45) 24 2.0 (1.5; 4.0) 12 (50) 12 (50)

Liberia 8 15.0 (13.5; 15.5) 6 (75) 2 (25) 9 8.0 (5.0; 9.0) 6 (67) 3 (33) 1 2.0 (2.0; 2.0) 0 1 (100)

Mali 7 13.0 (12.0; 15.0) 2 (29) 5 (71) 9 9.0 (8.0; 10.0) 3 (33) 6 (67) 18 3.0 (2.0; 3.0) 7 (39) 11 (61)

Sierra Leone 16 15.5 (13.0; 16.5) 10 (63) 6 (38) 16 7.0 (6.0; 9.0) 10 (63) 6 (38) 6 2.5 (2.0; 3.0) 4 (67) 2 (33)

EBL3001 stage 2

Vaccine 142 14.0 (13.0; 16.0) 74 (52) 68 (48) 134 8.0 (7.0; 9.0) 64 (48) 70 (52) 126 2.0 (1.0; 3.0) 72 (57) 54 (43)

Control 46 13.5 (13.0; 15.0) 25 (54) 21 (46) 45 8.0 (7.0; 9.0) 20 (44) 25 (56) 41 2.0 (1.0; 3.0) 24 (59) 17 (41)

IQR; Interquartile range, NA; Not applicable. aBody-mass index was not included as it is not a reliable reflection of growth index in children below 12 years of age. bParticipants aged 12–17 years in EBL2002,
EBL2004, and EBL3001 stage 2. cParticipants aged 4–11 years in EBL2002 and EBL3001 stage 2 and 5–11 years in EBL2004. dParticipants aged 1–4 years in EBL2004 and 1–3 years in EBL3001 stage 2.
ePercentages may not add up to 100 due to rounding.

Table 2: Baseline demographic characteristics for children in EBL2002, EBL2004, and EBL3001 stage 2 (per-protocol analysis set).a

Articles

8

(13,289–18778; 100%) in older children, and 25,111 EU/
mL (21,332–29559; 100%) in younger children (Fig. 3a–
c, Supplementary Figure S3a–c, Supplementary
Table S4).

In EBL3001 stage 2, the overall GMC at 21 days post-
dose 2 was 9929 EU/mL (95% CI: 8172–12064; percent
responders: 98%) in adolescents, 10,212 EU/mL
(8419–12388; 99%) in older children, and 22,568 EU/
mL (18,426–27642; 98%) in younger children.14

No notable differences in binding antibody GMCs at
21 or 28 days post-dose 2 were observed between the
three age groups across studies (Fig. 3a–c,
Supplementary Figure S3a–c, Supplementary Table S4).
When results from the three studies were stratified by
both age group and country, responses in older children
in Burkina Faso and older children in Sierra Leone in
EBL2004 were higher than the response in older chil-
dren in Sierra Leone in EBL3001 stage 2, based on non-
overlapping 95% CIs (Fig. 3, Supplementary Table S4).
Of note, the number of participants per group was often
<10 when paediatric participants were stratified by both
age group and country at all timepoints.
EBOV GP-binding antibody GMCs at month 12 in paediatric
participants
The overall binding antibody GMC at 12 months post-
dose 1 in EBL2002 was 541 EU/mL (95% CI: 433–678;
percent responders: 90%) for adolescents and 637 EU/
mL (529–767; 98%) for older children (Supplementary
Figure S4a and b, Supplementary Table S4).11

At month 12, the overall GMC in EBL2004 was 731
EU/mL (95% CI: 589–907; percent responders: 77%) in
adolescents, 739 EU/mL (585–933; 94%) in older chil-
dren, and 1139 EU/mL (905–1432; 100%) in younger
children (Supplementary Figure S4a–c, Supplementary
Table S4). Data were not available at this timepoint
from Liberia.

In EBL3001 stage 2, the overall binding antibody
GMC at month 12 was 386 EU/mL (95% CI: 326–457;
percent responders: 70%) in adolescents, 436 EU/mL
(375–506; 71%) in older children, and 750 EU/mL
(629–894; 96%) in younger children.14

When the paediatric month 12 GMCs observed
across studies were stratified by age group, the 95% CI
of older children in EBL2002 was higher than the 95%
www.thelancet.com Vol 91 May, 2023
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N n/N*CountryStudy

10 10 10

GMC
(95% CI, EU/mL)

% responder
(95% CI)

GMC (95% CI, EU/mL)
on a log10 scale

42 4784 (3736; 6125) 41/42 98 (87; >99)

182 3810 (3312; 4383) 176/179 98 (95; >99)

EBL3001 stage 1 Sierra Leone

EBL3001 stage 2 Sierra Leone

59 5283 (4094; 6817) 58/58 100 (94; 100)EBL2002 HIV-infected Overall

 
58 6631 (5128; 8576) 58/58 100 (94; 100)

20 8421 (6318; 11225) 18/19 95 (74; >99)

18 7570 (4948; 11582) 18/18 100 (82; 100)

40 8496 (6404; 11271) 38/38 100 (91; 100)

136 7518 (6468; 8740) 132/133 99 (96; >99)

Uganda

Kenya

Côte d’Ivoire

Burkina Faso

EBL2002 Overall

44 5550 (3755; 8201) 44/44 100 (92; 100)
47 13,150 (10043; 17217) 47/47 100 (92; 100)
66 5120 (3711; 7065) 65/66 98 (92; 100)
79 7008 (5506; 8918) 78/78 100 (95; 100)

236 6966 (5972; 8127) 234/235 >99 (98; 100)

Sierra Leone
Mali

Liberia
Guinea

EBL2004 Overall

Fig. 2: EBOV GP-binding antibody GMCs in adult participants at 21 or 28 days post-dose 2, stratified by country. EBOV GP-binding
antibody GMCs at 21 or 28 days post-dose 2 are presented overall for adults who received the Ad26.ZEBOV, MVA-BN-Filo vaccine regimen
in EBL2002 (n = 136), HIV-infected adults in EBL2002 (n = 59), adults in EBL2004 (n = 236), and adults in EBL 3001 stage 1 (n = 42) and stage 2
(n = 182), as well as by country in each study. Samples were analysed according to Q2 Solution’s FANG ELISA standard operating procedure, and
a single reportable value for each participant sample at each timepoint was uploaded for statistical analysis. Error bars represent 95% CIs. CI;
Confidence interval. EBOV GP; Ebola virus glycoprotein. ELISA; Enzyme-linked immunosorbent assay. EU; ELISA unit. FANG; Filovirus Animal
Nonclinical Group. GMC; Geometric mean concentration. *N is the number of participants with data at baseline and at 21 days (EBL2002/
EBL3001) or 28 days (EBL2004) post-dose 2.

Articles
CI of older children in EBL3001 stage 2 (Supplementary
Figure S4b, Supplementary Table S4). Additionally, re-
sponses in EBL2004 were higher than responses in
EBL3001 stage 2 in all three age groups, based on non-
overlapping 95% CIs (Supplementary Figure S4a–c,
Supplementary Table S4).

When results from the three studies were stratified
by both age group and country, the 95% CIs of adoles-
cents in Guinea and Sierra Leone in EBL2004 were
higher than the 95% CI of adolescents in Sierra Leone
in EBL3001 stage 2 (Supplementary Figure S4a,
Supplementary Table S4). For older children, the 95%
CIs in Burkina Faso, Kenya, Guinea, and Sierra Leone
in EBL2004 were higher than the 95% CI in Sierra
Leone in EBL3001 stage 2 (Supplementary Figure S4b,
Supplementary Table S4). In younger children, the 95%
CI in Mali was higher than the 95% CI in Sierra Leone
in EBL3001 stage 2 (Supplementary Figure S4c,
Supplementary Table S4).
EBOV GP-binding antibody GMCs after accounting
for between-study variation
To estimate how much of the total variation in immune
response was attributable to the studies, the ICC for
adult and paediatric participants at 21 or 28 days post-
dose 2 was calculated. The ICCs were 10% and 3% for
adult and paediatric participants, respectively
(Supplementary Tables S5 and S6). This indicates that
www.thelancet.com Vol 91 May, 2023
10% of the variability in the observed EBOV GP-binding
antibodies of adult participants was accounted for by the
studies and 90% of the variability was accounted for by
the individual participants. Similarly, 3% of the vari-
ability in the paediatric cohorts was accounted for by the
studies. The models adequately fit the data
(Supplementary Figures S5 and S6). After accounting
for between-study variation, the overall GMC (95% CI)
was 5914 EU/mL (2503–13976) for adults (Table 3), and
11,760 EU/mL (7827–17668), 14,557 EU/mL
(9688–21872), and 25,767 EU/mL (16,381–40528) for
adolescents, older children, and younger children,
respectively (Table 4). Controlling for baseline charac-
teristics (adults: age and sex; adolescents and children:
sex) reduced the variability attributable to individual
participants by at most 6% (supplementary results,
Supplementary Tables S1 and S2).

Discussion
In this analysis, data from three clinical studies, con-
ducted in eight sub-Saharan African countries, were
included to examine immunogenicity of the heterolo-
gous two-dose Ad26.ZEBOV, MVA-BN-Filo regimen
administered in a 56-day interval to adults and children
(≥1 year old), stratified by country. Overall, the results
suggest that the immune response was greater in
younger children than in older age groups and that the
immune response decreased by 12 months. In addition,
9
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(95% CI)
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(95% CI)
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(95% CI)

CountryStudy
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N n/N*
GMC (95% CI, EU/mL)

on a log10 scale

GMC (95% CI, EU/mL)
on a log10 scale

GMC (95% CI, EU/mL)
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CountryStudy
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EBL2004 Overall
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4
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22568 (18426; 27642)
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EBL2002 Overall
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14
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21802 (14635; 32479)
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15174 (7117; 32349)

13308 (10575; 16749)
15797 (13289; 18778)
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16682 (7045; 39504)

23949 (16739; 34266)
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119/120

22/22
17/17
14/14
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5/5

11/11

22/22

51/51
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100 (85; 100)
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Uganda

Kenya

Côte d’Ivoire

Burkina Faso

EBL2002 Overall

134
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42
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0

29

53

9929 (8172; 12064)

13769 (10025; 18910)
14069 (10382; 19066)
12809 (7692; 21331)
10073 (7802; 13004)

12279 (10432; 14452)

12408 (6488; 23730)

14875 (9157; 24163)

–

13487 (9883; 18405)

13532 (10732; 17061)

131/134

36/36
21/21
23/23
41/41

121/121

12/12

12/12

–

29/29

53/53
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100 (85; 100)
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Fig. 3: EBOV-GP binding antibody GMCs in (a) adolescents, (b) older children, and (c) younger children at 21 or 28 days post-dose 2,
stratified by country. EBOV GP-binding antibody GMCs at 21 or 28 days post-dose 2 are presented overall for paediatric participants who
received the Ad26.ZEBOV, MVA-BN-Filo vaccine regimen, including adolescents aged 12–17 years in EBL2002 (n = 53), EBL2004 (n = 125), and
EBL3001 stage 2 (n = 134); older children aged 4–11 years in EBL2002 (n = 53) and EBL3001 stage 2 (n = 124) and 5–11 years in EBL2004
(n = 105); and younger children aged 1–4 years EBL2004 (n = 108) and 1–3 years in EBL3001 stage 2 (n = 124). GMCs are also shown by country
for each study. Samples were analysed according to Q2 Solution’s FANG ELISA standard operating procedure, and a single reportable value for
each participant sample at each timepoint was uploaded for statistical analysis. Error bars represent 95% CIs. CI; Confidence interval. EBOV GP;
Ebola virus glycoprotein. ELISA; Enzyme-linked immunosorbent assay. EU; ELISA unit. FANG; Filovirus Animal Nonclinical Group. GMC; Geo-
metric mean concentration. *N is the number of participants with data at baseline and at 21 days (EBL2002/EBL3001) or 28 days (EBL2004)
post-dose 2.
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Study GMC, EU/mL 95% CI

Overall 5914 2503; 13,976

EBL2002 7434 6410; 8621

EBL2004 6910 5939; 8041

EBL3001 stages 1 and 2 4027 3567; 4516

CI; Confidence interval, EBOV GP; Ebola virus glycoprotein, EU; Enzyme-linked
immunosorbent assay unit, GMC; Geometric mean concentration.

Table 3: EBOV GP-binding antibody GMCs in adult participants at 21
or 28 days post-dose 2, accounting for between-study variations
(random intercept model).

Articles
participants from Mali had the highest responses
compared with participants from other countries, while
participants from Sierra Leone in EBL3001 had
the lowest responses. Safety and reactogenicity of the
Ad26.ZEBOV, MVA-BN-Filo regimen were reported
previously10–14 and these studies confirm that the
regimen induces robust humoral immune responses
and is well tolerated in both adults and children in this
population.

At 21 or 28 days post-dose 2, GMCs in adults were
comparable overall, although responses were higher in
participants in Mali in EBL2004 than those in Liberia in
EBL2004, Sierra Leone in both EBL2004 and EBL3001,
and Uganda in EBL2002. Responder rates at this time-
point did not differ across African countries (percent
responder range: 95%–100%). Binding antibody GMCs
in HIV-infected adults were similar to the overall study
population at 21 days post-dose 2 and the responder rate
was 100%, confirming that the vaccine regimen is
immunogenic in this population.

Similar results were observed in adults at month 12;
binding antibody GMCs in EBL2002, EBL2004, and
Age category Study GMC, EU/mL 95% CI

Adolescentsa Overall 11,760 7827; 17,668

EBL2002 13,307 10,824; 16,360

EBL2004 12,456 10,825; 14,332

EBL3001 stage 2 9812 8346; 11,535

Older childrenb Overall 14,557 9688; 21,872

EBL2002 16,626 13,523; 20,440

EBL2004 16,331 14,251; 18,714

EBL3001 stage 2 11,361 9623; 13,412

Younger childrenc Overall 25,767 16,381; 40,528

EBL2004 27,093 22,772; 32,234

EBL3001 stage 2 21,776 18,313; 25,892

CI; Confidence interval, EBOV GP; Ebola virus glycoprotein, EU; Enzyme-linked
immunosorbent assay unit, GMC; Geometric mean concentration. aParticipants
aged 12–17 years in EBL2002, EBL2004, and EBL3001 stage 2. bParticipants
aged 4–11 years in EBL2002 and EBL3001 stage 2 and 5–11 years in EBL2004.
cParticipants aged 1–4 years in EBL2004 and 1–3 years in EBL3001 stage 2.

Table 4: EBOV GP-binding antibody GMCs in paediatric participants at
21 or 28 days post-dose 2, accounting for between-study variations
(random intercept and random slope model).
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EBL3001 were generally comparable, with higher re-
sponses in participants in Mali in EBL2004 than in Si-
erra Leone in EBL3001 and Uganda in EBL2002.
Responder rates across countries in adults at month 12
ranged from 49% to 88%. Similar results were also
observed in HIV-infected adults at month 12, with
binding antibody GMCs similar to the overall study
population.

Paediatric responses tended to be numerically higher
than adult responses, consistent with previous re-
ports.11,14 GMCs at 21 or 28 days post-dose 2 in children
were generally comparable across countries, although
responses in older children in Burkina Faso in EBL2002
and Sierra Leone in EBL2004 were higher than those in
older children in Sierra Leone in EBL3001 stage 2.
However, these results should be interpreted with
caution given the small sample sizes (often <10) when
paediatric participants are stratified by both country and
age group.

Differences in paediatric GMCs at month 12 were
more obvious than at 21 or 28 days post-dose 2.
The 95% CIs in adolescents from Guinea and Sierra
Leone in EBL2004; older children from Burkina Faso
and Kenya in EBL2002 and Guinea, and Sierra Leone in
EBL2004; and younger children in Mali in EBL2004 did
not overlap those in the corresponding age groups from
Sierra Leone in EBL3001 stage 2. However, these results
should also be interpreted with caution given the small
sample sizes.

Immune response to the Ad26.ZEBOV, MVA-BN-
Filo vaccine regimen did wane after 12 months in
both adult and paediatric participants, but this does not
necessarily mean that a booster dose is needed. Studies
EBL2002 and EBL3001 administered an Ad26.ZEBOV
booster dose at one and two years post-dose 1, respec-
tively, in adults and a rapid and robust anamnestic
response was observed in both studies.10,13 Likewise,
results from a study in children aged 4–15 years who
had received the Ad26.ZEBOV, MVA-BN-Filo regimen
>3 years earlier16 showed that an Ad26.ZEBOV booster
vaccination elicits a rapid and robust anamnestic
response. An Ad26.ZEBOV booster may be an effective
strategy in preventing EVD in previously vaccinated in-
dividuals at imminent risk of infection.16

The strength of the current analysis is that it
included data from several sub-Saharan African coun-
tries and provided a detailed overview of immune re-
sponses across the region. Furthermore, the variation in
GMC responses in adult and paediatric participants was
shown to be largely due to participant characteristics
rather than between-study variance. A limitation of the
analysis is that no concrete conclusions can be made on
whether there were differences in response by country
or study. This is due to the small sample size of the
subgroups when participants were stratified by study,
country, and age group. In addition, the study time-
frames and analysis of samples occurred in different
11
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12
years. Although samples were analysed by the same
laboratory in all studies, and the laboratory performed
stability monitoring of the FANG ELISA assay, it is
possible that laboratory drift may have occurred over
time and responses could vary over time.

Another limitation is that many factors (eg, socio-
economic status, pathogen exposure) that could be
associated with the observed differences in responses
among countries were not available to aid further eval-
uation. Other intramuscularly administered viral vac-
cines have shown varying immune responses across
sub-Saharan African countries. Lower vaccine immu-
nogenicity has been described for a measles vaccine in
Kenya and Mozambique compared with more developed
countries, while lymph node inflammation and fibrosis
resulting in T follicular helper cell loss was associated
with blunted vaccine-induced antibody responses to a
yellow fever vaccine in Uganda.17–20

Factors that could potentially be involved in
geographic differences in binding antibody response
across African countries are numerous. Participants
from rural settings are more likely to have a lower overall
health status,21 as demonstrated by low body-mass index,
poor nutritional status, low life expectancy, and high
under-5-year mortality rates, which can impact immune
response to vaccination.22,23 Concomitant disease bur-
dens, such as acute respiratory diseases, helminth in-
fections, and malaria, vary with geographic location and
can modulate the immune system towards a type 2
helper T cell and regulatory T cell immune response,24,25

resulting in lower response to vaccine antigens.24,26 As
concomitant parasitic disease burdens are generally
lower in younger children, likely because they have had
less time to be exposed, this may have partly contributed
to the higher EBOV GP-binding antibody responses
observed in younger participants in this analysis across
the African countries. Other factors known to affect
vaccine immunogenicity, such as micronutrient de-
ficiencies (particularly vitamin A and zinc) and genetic
variability, may also play a role in geographic differences
in immune response to vaccination.27–29

Immune responses to the Ad26.ZEBOV, MVA-BN-
Filo regimen were lower in participants from Sierra
Leone in EBL3001 compared with participants from
other studies which may be due, in part, to regional
differences in factors that can affect the immune system.
Sierra Leone has a high concomitant parasitic disease
burden and is affected by high rates of chronic malnu-
trition and maternal and infant mortality, which are
indicative of a poor overall health status among this
population that may impact immune responses.30,31

Furthermore, the EBL3001 study sites were located in
Kambia town and Rokupr village, both in the rural
Kambia District of Sierra Leone. In contrast, the study
sites in Mali, where immune responses in adults were
the highest, were located in Bamako, Mali’s capital and
largest city. The study sites in Burkina Faso and Kenya,
which had the second and third highest immune re-
sponses at 21 days post-dose 2, were also located in large
cities. Interestingly, the immune response observed in
participants from Mambolo, also located in the rural
Kambia District of Sierra Leone, in EBL2004 was gener-
ally higher than that observed in participants from
Kambia town and Rokupr in EBL3001. It is also possible
that genetic polymorphisms in these populations could
result in lower or higher post-vaccination immune re-
sponses. However, these potential reasons have not been
formally studied, and further research is needed to
determine whether any of these factors contributed to the
differences in the immune response across countries.

Because of the myriad factors with a potential
impact on immunogenicity, use of a single validated
assay, run in a single accredited laboratory, is of
utmost importance in minimising additional variables
that could influence results. The assay validation pro-
cess includes assessment of various assay performance
parameters, including dilutional linearity, intermedi-
ate precision and repeatability, limit of detection, limit
of quantification, selectivity/matrix effects, and inter-
ference of serum proteins. After validation, the sta-
bility of assay performance is monitored to ensure that
FANG ELISA results from a single laboratory are sta-
ble and comparable over time. However, validation in a
single laboratory does not ensure the results from the
same assay will be comparable when performed in
different laboratories. Indeed, experience indicates
that even if stable and reproducible within one labo-
ratory, FANG ELISA results from different laboratories
may not be comparable.12 Even results between two
accredited laboratories cannot be directly compared
until an inter-lab comparability assessment has been
performed. An inter-lab comparability assessment,
performed to determine whether FANG ELISA results
produced at the BBRC and Q2 Solutions accredited
laboratories were comparable, indicated that results
from Q2 Solutions trended lower than those from
BBRC (unpublished). Therefore, the only way to
eliminate inter-lab variability and to maximise com-
parability of FANG ELISA results is to employ a one-
assay, one-lab strategy.

In conclusion, while vaccine-induced EBOV GP-
binding antibody responses showed variation across
geographic locations assessed in studies EBL2002,
EBL2004, and EBL3001, the two-dose heterologous
Ad26.ZEBOV, MVA-BN-Filo vaccine regimen induced a
strong humoral response, with ≥95% of participants
from all eight African countries classified as responders
at 21 or 28 days post-dose 2 (regimen completion),
regardless of age group. Binding antibodies persisted up
to at least 12 months after administration of dose 1.
These results demonstrate that the Ad26.ZEBOV, MVA-
BN-Filo vaccine regimen induces immune responses
against EBOV in adults and children that persist for at
least one year.
www.thelancet.com Vol 91 May, 2023
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