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Background. This phase 1 placebo-controlled study assessed the safety and immunogenicity of 2-dose regimens of Ad26.ZEBOV 
(adenovirus serotype 26 [Ad26]) and MVA-BN-Filo (modified vaccinia Ankara [MVA]) vaccines with booster vaccination at day 360.

Methods. Healthy US adults (N = 164) randomized into 10 groups received saline placebo or standard or high doses of Ad26 
or MVA in 2-dose regimens at 7-, 14-, 28-, or 56-day intervals; 8 groups received booster Ad26 or MVA vaccinations on day 360. 
Participants reported solicited and unsolicited reactogenicity; we measured immunoglobulin G binding, neutralizing antibodies and 
cellular immune responses to Ebola virus glycoprotein.

Results. All regimens were well tolerated with no serious vaccine-related adverse events. Heterologous (Ad26,MVA [dose 1, 
dose 2] or MVA,Ad26) and homologous (Ad26,Ad26) regimens induced humoral and cellular immune responses 21 days after dose 
2; responses were higher after heterologous regimens. Booster vaccination elicited anamnestic responses in all participants.

Conclusions. Both heterologous and homologous Ad26,MVA Ebola vaccine regimens are well tolerated in healthy adults, re-
gardless of interval or dose level. Heterologous 2-dose Ad26,MVA regimens containing an Ebola virus insert induce strong, durable 
humoral and cellular immune responses. Immunological memory was rapidly recalled by booster vaccination, suggesting that Ad26 
booster doses could be considered for individuals at risk of Ebola infection, who previously received the 2-dose regimen.

Keywords.  Ebola vaccine; heterologous; homologous; 2-dose; Ad26.ZEBOV, MVA-BN-Filo; safety; immunogenicity.

First described over 40  years ago [1], recurrent  outbreaks 
of Ebola virus (EBOV) disease (EVD) have occurred with 
increasing frequency in some African countries [2, 3]. After 
the major epidemic in 2014–2016 in Sierra Leone, Guinea, and 
Liberia, further outbreaks have occurred in the Democratic 
Republic of the Congo (DRC); the 2018–2020 outbreak was 
the second largest ever, with 3481 cases and 2299 fatalities [4, 
5]. During the 2014–2016 outbreak, several vaccine candidates 
underwent accelerated development, each targeting the glyco-
protein (GP) of Zaire ebolavirus (ZEBOV) [6, 7]. Among these, 
a single-dose, recombinant vesicular stomatitis virus–based 

vaccine (rVSV-ZEBOV-GP) was efficacious when used in a 
ring-vaccination strategy in both the 2014–2016 outbreak in 
Guinea and the 2018–2020 outbreak in DRC [8, 9]. This re-
active use vaccine was granted conditional approval for use in 
adults in Europe and in the United States [10, 11].

Furthermore, Janssen developed a heterologous 2-dose 
vaccination strategy consisting of a monovalent, recom-
binant, replication-incompetent adenovirus serotype 26 
(Ad26) viral vector encoding ZEBOV GP (Ad26.ZEBOV) 
with a multivalent, recombinant nonreplicating modi-
fied vaccinia Ankara (MVA) viral vector encoding the GPs 
from Zaire and Sudan ebolaviruses, and Marburg virus, and 
Taï Forest ebolavirus nucleoprotein (MVA-BN-Filo) [12]. 
Heterologous 2-dose schedules using adenovirus- and MVA-
vectored vaccines are potent inducers of humoral and cel-
lular immune responses and are well tolerated in clinical 
trials against malaria [13‒15], human immunodeficiency 
virus (HIV) [16], and hepatitis C [17]. Furthermore, het-
erologous 2-dose regimens using Ad26,Ad35  [18, 19] or 
Ad26,MVA [20] gave protection against EBOV challenge in 
nonhuman primates.

Phase 1 studies conducted in the United Kingdom [12] and in 
African countries [21, 22] showed that this heterologous 2-dose 
vaccination strategy was well tolerated and highly immunogenic 
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in healthy adults. After analysis of these and other studies, this 
regimen received approval for marketing under exceptional cir-
cumstances for prophylactic use in adults and children ≥1 year 
old in the European Union [23]. The Rwandan Food and Drug 
Administration has also granted exceptional approval under 
emergency conditions to conduct a mass vaccination campaign 
in areas that border DRC. In this US-based phase 1 study, we re-
port the safety and immunogenicity of a variety of heterologous 
and homologous 2-dose vaccination regimens based on different 
dosages, sequences, and intervals of Ad26 and MVA vaccines.

METHODS

Participants and Study Design

This phase 1, randomized, placebo-controlled, observer-blind, 
single-center trial was conducted in Rockville, Maryland, United 
States, according to the Declaration of Helsinki and good clin-
ical practice guidelines. The protocol was approved by the 
National Research Ethics Service (no  14/SC/1408) and regis-
tered on ClinicalTrials.gov (NCT02325050). Participants pro-
vided written informed consent before enrollment.

After a 28-day screening period, healthy adults aged 
18–50  years who were willing to use approved contraception 
throughout the study, and to provide written informed con-
sent, were enrolled. Exclusion criteria included any prior im-
munization with an Ebola candidate vaccine or any MVA- or 
Ad26-vectored candidate vaccine; previous diagnosis of 
EVD; exposure to EVD, including travel to West Africa in 
the preceding 12  months; or known allergies to any vaccine 
components.

The study was performed in 3 parts with 10 groups (Table 1). In 
part 1, participants randomly allocated to 6 groups (groups 1–6) 
were further randomized 5:1 (groups 1–4) or 9:1 (groups 5–6, after 
enrollment of 3 open-label sentinel participants) to receive either 
active vaccine or placebo. A first dose of vaccine or placebo was ad-
ministered on day 1, followed by the second dose 14, 28, or 56 days 
later, with follow-up visits at 7 and 21 days after dose 2, and at 180, 
240, and 360 days after dose 1. In part 1, standard doses of Ad26.
ZEBOV (Ad26) and MVA-BN-Filo (MVA) were used. In part 2, 
group 7 received standard-dose Ad26 or placebo followed by high-
dose MVA (hdMVA) or placebo 14 days later, and group 8 received 
high-dose Ad26 (hdAd26) or placebo followed by hdMVA 28 days 
later. Participants in groups 9 and 10 received standard doses of 
MVA or placebo followed by standard doses of Ad26 or placebo 
7 and 14 days later, respectively. In parts 1 and 2, an open-label 
booster vaccination with either Ad26 (groups 1–5 and 7), hdAd26 
(group 8), or MVA (group 6) was administered on day 360 to those 
who completed the primary vaccination with the active vaccine.

Vaccines

All vaccines were supplied as 0.5-mL doses for intramuscular 
injection in the deltoid. Each standard dose of Ad26 contained 
5 × 1010 viral particles, and hdAd26 had 1 × 1011 viral particles 
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per dose. MVA standard doses contained 1 × 108 50% tissue cul-
ture infective dose (TCID50), and each hdMVA contained 4.4 × 
108 TCID50. The placebo used was 0.9% saline.

Outcomes

The primary objective was to assess the safety of the different 
vaccine regimens in terms of serious adverse events (SAEs), 
adverse events (AEs), and solicited local and systemic AEs. 
Secondary objectives included evaluation of EBOV GP–specific 
humoral and cellular immune responses.

Safety Assessments

After monitoring for 1 hour for AEs immediately after vacci-
nation, participants recorded solicited local and systemic AEs 
on diary cards on the day of each study injection and for 7 sub-
sequent days. Unsolicited AEs reported to 28 days after dose 1, 
21 days after dose 2, and 21 days after the booster dose (where 
applicable) were summarized. SAEs were reported throughout 
the study.

Immunogenicity Assessments

Serum samples to assess immune responses were obtained be-
fore dose 1 (baseline), 7 days and 28 days (group 3 only) after 
dose 1, immediately before and 21 days after dose 2 and then at 
180, 240, and 360 days after dose 1 (groups 1–10). Responses 
to booster vaccination in groups 1–8 were measured 2, 7, 21, 
42, 90, 180, 240, and 360 days after the booster. EBOV GP–spe-
cific immunoglobulin G (IgG) binding antibodies were meas-
ured by means of EBOV GP Filovirus Animal Nonclinical 
Group enzyme-linked immunosorbent assay (FANG  ELISA) 
at the Battelle Biomedicals Research Center in West Jefferson, 
Ohio,  United States, and expressed as ELISA units (EU) per 
milliliter, as described elsewhere [12]. Virus neutralizing anti-
bodies were measured using EBOV GP pseudovirions encoding 
the GP of a Makona variant EBOV isolate from the 2014 out-
break at Monogram Biosciences, expressed as the 50% inhibi-
tory concentration (IC50) titers (value giving 50% inhibition on 
a standard curve).

Frozen peripheral blood mononuclear cell samples were ana-
lyzed using an intracellular cytokine staining assay (expressed 
as the total cytokine responses percentage of subset; reported 
as median response), and an enzyme-linked immunospot inter-
feron (IFN) γ assay (expressed as spot-forming units per 106 pe-
ripheral blood mononuclear cells; reported as median reportable 
value) at the HIV Vaccine Trials Network Laboratory in Seattle, 
Washington, United States,  as described elsewhere [12, 24]. 
Results of IFN-γ enzyme-linked immunospot responses are re-
ported in the Supplementary Materials (Supplementary Results 
and Supplementary Table 3).

Statistical Analysis

No formal statistical testing of safety or immune response data 
was planned or performed because of the small sample sizes 

in each vaccination group. Analysis of safety was based on de-
scriptive summaries of AEs, clinical laboratory values, and vital 
signs and was performed on the full analysis set. This set con-
sists of all participants who were randomized and received ≥1 
dose of study vaccine, regardless of the occurrence of protocol 
deviations. Descriptive statistics and graphic representations of 
immunogenicity analyses are presented on all randomized and 
vaccinated participants with ≥1 evaluable postvaccination im-
munogenicity sample. Definitions of responders are provided 
in the Supplementary Materials.

RESULTS

Baseline Characteristics and Participant Disposition

The study ran from January 2015 to May 2017. Of 164 ran-
domized and vaccinated participants, 1 participant in group 7 
received hdMVA as dose 1 (instead of Ad26) and was not in-
cluded in safety or immunogenicity analyses. Four participants 
did not receive dose 2 (1 withdrew, 1 as lost to follow-up, and 2 
were placed on study hold by the sponsor, although both subse-
quently completed the study) (Figure 1). Baseline demographic 
characteristics were well balanced across groups (Table 2).

Safety

No deaths, SAEs, or AEs leading to discontinuation were re-
ported, and all regimens demonstrated an acceptable safety 
profile. Solicited local AEs, mainly reports of mild to mod-
erate injection-site pain with some of injection-site warmth and 
pruritus, occurred after 70.1% of Ad26, 53.9% of MVA, 48.0% 
of hdAd26, 64.3% of hdMVA, and 19.2% of placebo doses 
(Table 3). Solicited local AEs were transient, with a maximum 
duration of 10 days and median time to onset of 1–6 days.

Solicited systemic events were reported after 52.7% of Ad26, 
40.0% of MVA, 60.0% of hdAd26, 28.6% of hdMVA, and 42.3% 
of placebo doses (Table 3), most considered related to the study 
administrations. The most frequent systemic AEs were head-
ache, fatigue, and myalgia. Severe solicited systemic AEs were 
reported after 15 of 404 vaccinations (3.7%) (13 Ad26 , 1 MVA, 
and 1 hdMVA vaccination), and included arthralgia (n = 1), 
chills (n = 9), fatigue (n = 4), headache (n = 4), myalgia (n = 3), 
nausea (n = 2), pyrexia (n = 3), and vomiting (n = 1). All soli-
cited systemic AEs were transient. The investigator considered 
3 cases of fever >38.9°C to be at least possibly related to study 
vaccine.

At least 1 unsolicited AE was reported after 47.3% of Ad26, 
53.9% of MVA, 36.0% of hdAd26, 39.3% of hdMVA, and 48.1% 
of placebo doses. Severe unsolicited AEs were uncommon and 
were considered unrelated or doubtfully related to vaccine, ex-
cept for 1 case of severe night sweats and decreased appetite. 
No severe unsolicited AEs were reported with placebo. There 
were no marked differences in the overall occurrence of unso-
licited AEs between different regimens, dosing intervals, doses, 
or booster vaccinations. There were no noticeable trends in 
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laboratory abnormalities. Any grade 3 abnormalities were usu-
ally reported as unsolicited AEs, and none were considered to 
be related to study vaccinations.

Immunogenicity

All 2-dose heterologous vaccination regimens tested in this 
study were immunogenic, inducing humoral and cellular im-
mune responses regardless of vaccine sequence and dose levels 
(Figures  2 and 3 and Table  4). After dose 1, standard-dose 

Ad26 or hdAd26 vaccination induced higher binding anti-
body responses than MVA. After dose 2, response levels were 
boosted for both vaccine sequences regardless of the interval. 
Homologous regimens were less immunogenic, particularly the 
MVA regimen.

EBOV GP–Specific IgG Binding Antibody Responses

First vaccination with either Ad26 or MVA induced EBOV GP–
specific IgG binding antibody responses, with higher responder 

Received ≥1 dose of
study vaccine (n = 92)

Discontinued
Active (n = 1)

Placebo (n = 0) 

Discontinued
Active (n = 3)

Placebo (n = 0)

Discontinued
Active (n = 0)

Placebo (n = 0) 

Discontinued
Active (n = 1)

Placebo (n = 0)

Discontinued
Active (n = 2)

Placebo (n = 0)

Completed the
study

Active (n = 14)
Placebo (n = 3)

Completed the
study

Active (n =27)
Placebo (n = 6)

Completed the
study

Active (n = 9)
Placebo (n = 1) 

Completed the
study

Active (n = 8)
Placebo (n = 1)

Completed the
study

Active (n = 12)
Placebo (n = 3)

Randomized
(n = 92)

7-day interval
Group 9

MVA,Ad26

14-day interval
Groups 1 and 10

MVA,Ad26 (Ad26)

14-day interval
Group 5

MVA,MVA (Ad26)

14-day interval
Group 6

Ad26,Ad26 (MVA)

14-day interval
Group 7

Ad26,hdMVA (Ad26)

Randomized
(n = 72)

Received ≥1 dose of  study
vaccine (n = 72)

Discontinued
Active (n = 0)

Placebo (n = 0) 

Discontinued
Active (n = 0)

Placebo (n = 0) 

Discontinued
Active (n = 0)

Placebo (n = 0) 

Discontinued
Active (n = 0)

Placebo (n = 0) 

Completed the
study

Active (n = 15)
Placebo (n = 3) 

Completed the
study

Active (n = 15)
Placebo (n = 3)

Completed the
study

Active (n = 15)
Placebo (n = 3) 

Completed the
study

Active (n = 15)
Placebo (n = 3) 

28-day interval
Group 2

MVA,Ad26 (Ad26)

28-day interval
Group 4

Ad26,MVA (Ad26)

28-day interval
Group 8

hdAd26,hdMVA (hdAd26)

56-day interval
Group 3

MVA,Ad26 (Ad26)

Figure 1. Study flowcharts showing groups receiving vaccines at 7- and 14-day (top) or 28- and 56-day (bottom) intervals. Unless otherwise indicated, Ad26.ZEBOV (ade-
novirus serotype 26 [Ad26]) was administered at a dose of 5 × 1010 viral particles and MVA-BN-Filo (modified vaccinia Ankara [MVA]) at a dose of 1 × 108 50% tissue culture 
infective dose (TCID50). The placebo used was 0.9% saline. Vaccination regimens are shown as “dose 1, dose 2 (booster).” Groups included active and placebo recipients. 
Groups 1 (MVA,Ad26 [Ad26]) and 10 (MVA,Ad26) are combined; all other groups are shown individually. Abbreviations: hdA626, high-dose Ad26 (1 × 1011 viral particles); 
hdMVA, high-dose MVA (4.4 × 108 TCID50).
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rates after Ad26 vaccination than MVA (Table  4). At day 15, 
84.6%–88.9% of the participants had a response after Ad26 vac-
cination (groups 6 and 7), compared with 11.1%–13.3% after 
MVA (groups 1 and 5); at day 29 all participants had responded 
to either Ad26 or hdAd26 (groups 4 and 8), while only 26.7%–
46.7% of participants had responded to MVA (groups 2 and 
3) (Supplementary Table 1).

Heterologous Vaccination Regimens (Groups 1–4 and 7–10)
Binding antibody responder rates increased after the second 
heterologous vaccination, with all participants across all 
groups having EBOV-binding IgG antibodies 21  days after 
dose 2 (Table  4). At this time point, the highest geometric 
mean concentration (GMC; 14  048 EU/mL) was obtained 
after MVA,Ad26 in a 56-day interval (group 3), and GMCs 
of 2976–7706 EU/mL were achieved in a 28-day interval 
irrespective of the vaccination sequence (groups 2, 4, and 
8) (Figure 2 and Supplementary Table 1). Binding antibody 
responses persisted in all participants (100%) up to day 360, 
except for MVA,Ad26 in a 28-day interval (93%; group 2) and 
MVA,Ad26 in a 56-day interval (87%; group 3) (Table 4). At 
day 360, the GMCs persisted at similar levels (1138–2940 
EU/mL) irrespective of the vaccination interval (Figure  2; 
Supplementary Table 1).

All participants who received the booster (groups 1–8) re-
sponded within 7  days to a heterologous booster vaccination 
given at day 360, which induced an anamnestic response in all 
heterologous vaccination groups with 12.4–38.6-fold increases 
in GMCs (21 283–65 123 EU/mL) (Supplementary Table 1). 
Responses persisted in all participants until day 720, except for 

the MVA,Ad26 28-day interval (91%; group 2) and MVA,Ad26 
56-day interval (92%; group 3)  participants. At day 720, the 
GMCs persisted at a level ranging between 3653 and 9668 EU/
mL, which represents a 1.6–6.4-fold increase compared with 
day 360 (Supplementary Table 1).

Homologous Vaccination Regimens (Groups 5 and 6)
At 21 days after dose 2, responses were observed in all parti-
cipants receiving the Ad26,Ad26 vaccine regimen in a 14-day 
interval (GMC, 848 EU/mL; group 6), whereas only 3 (33.3%) 
participants responded after receiving MVA,MVA in a 14-day 
interval (GMC, 59 EU/mL; group 5). At day 360, responses 
were maintained in all Ad26,Ad26-vaccinated participants 
(GMC, 822 EU/mL; group 6), but only in 1 (11.1%) MVA,MVA-
vaccinated participant (GMC, 45 EU/mL; group 5).

A heterologous booster vaccination given at day 360 in-
duced a 13.9–269.8-fold increase in GMCs (12 614–26 020 EU/
mL) within 7 days, with 100% responders across both groups 
(Supplementary Table 1). The responses persisted in all parti-
cipants until day 720 at a level 2.7–41.7-fold higher compared 
with day 360 (2449–4021 EU/mL).

Neutralizing Antibody Responses

The first vaccination induced very little neutralizing anti-
body responses, with the highest responder rate observed after 
hdAd26 vaccination (27%; group 8).

Heterologous Vaccination Regimens (Groups 1–4 and 7–10)
At 21  days after dose 2, the highest responder rate (100%) 
was observed in the MVA,Ad26 56-day interval (group 3) and 

Table 3. Frequency of Solicited Local and Systemic Adverse Events With Standard and High Doses of Ad26 and MVA Vaccines and Placebo

Type of Solicited AE

Frequency of AE, % of Doses

Ad26  
(n = 184)a

MVA  
(n = 115)a

hdAd26  
(n = 25)a

hdMVA  
(n = 28)a

Placebo  
(n = 52)a

Local AEsb 70.1 53.9 48.0 64.3 19.2

 Pain 67.9 53.0 48.0 64.3 17.3

 Pruritus 4.9 4.3 0.0 0.0 3.8

 Warmth 12.5 12.2 20.0 10.7 1.9

Systemic AEs 52.7 40.0 60.0 28.6 42.3

 Arthralgia 15.2 7.0 12.0 0.0 0.0

 Chills 23.4 6.1 24.0 0.0 0.0

 Fatigue 37.0 27.0 32.0 14.3 23.1

 Headache 32.6 22.6 28.0 14.3 9.6

 Myalgia 23.9 13.9 28.0 10.7 5.8

 Nausea 16.8 8.7 8.0 7.1 13.5

 Pruritus 3.3 2.6 0.0 0.0 3.8

 Pyrexia 12.0 2.6 16.0 3.6 0.0

 Rash 2.7 0.0 0.0 0.0 3.8

 Vomiting 3.8 2.6 0.0 0.0 3.8

Abbreviations: Ad26, Ad26.ZEBOV; AE, adverse event; hdAd26, high-dose Ad26; hdMVA, high-dose MVA; MVA, MVA-BN-Filo.
aParenthetical numbers represent number of injections for each vaccine or placebo.
bThere were no reports of injection site erythema, induration, swelling or severe solicited local AEs.
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Figure 2. Anti–Ebola virus glycoprotein immunoglobulin G binding antibody responses after heterologous or homologous 2-dose vaccination with Ad26.ZEBOV (adenovirus 
serotype 26 [Ad26]) and/or MVA-BN-Filo (modified vaccinia Ankara [MVA]) and booster vaccination at day 360 for groups 1–4 (A), 5 and 6 (B), 7 and 8 (C), and 9 and 10 (no 
booster vaccinations) (D). Vaccination regimens are shown as “dose 1, dose 2 (booster).” Responses represent geometric mean concentrations with 95% confidence intervals. 
Abbreviations: EU, enzyme-linked immunosorbent assay units; hdAd26, high-dose Ad26; hdMVA, high-dose MVA.
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hdAd26,hdMVA (group 8) participants (Table 4). At this time 
point, geometric mean titers (GMTs) ranged between 142 and 
2727 IC50, with the highest response detected in MVA,Ad26 
56-day interval (group 3) vaccinated participants (Figure 3). At 
day 360, responses persisted in all of MVA,Ad26 14-day (groups 
1 and 10) and MVA,Ad26 28-day participants (group 2), while 
lower persistence rates (80%–87%) were observed in the other 
groups. Similar GMTs were observed across all groups at day 
360 (293–1649 IC50).

Within 7  days after the Ad26 booster, all participants who 
received the booster (groups 1–8) displayed a strong increase in 
neutralizing antibody response (18.6–46.7-fold increase com-
pared with day 360), with a GMT range of 10 951–34 488 IC50. 
At day 720, the responses persisted in all participants. except for 
those vaccinated with MVA,Ad26 (Ad26 booster) with a 56-day 
interval (92%; group 3), with GMTs ranging from 1716 to 9386 
IC50 (3.1–10.6-fold increase compared with day 360).

Homologous Vaccination Regimens (Groups 5 and 6)
At 21 days after dose 2, 1 participant in group 5 (MVA,MVA) 
(11%) and 3 participants in group 6 (Ad26,Ad26) (33%) had a 
neutralizing antibody response (GMTs below the lower limit of 
quantitation [LLOQ]). At day 360, neutralizing antibodies were 
observed in all Ad26,Ad26 recipients (GMT, 267 IC50; group 
6)  but in only participant 1 (11%) in the MVA,MVA group 
(GMTs below LLOQ; group 5).

Seven days after heterologous booster vaccination (day 367), 
an anamnestic response was observed in all participants of both 
groups. GMTs ranged from 6377–9634 IC50, with an approxi-
mate 22.9–52.9-fold increase compared with the prebooster 
time point. At day 720, the responses persisted in all participants 
of both groups, with an approximate 3.7–17.2-fold increase in 
GMT compared with day 360 (1031–3126 IC50).

CD4+ T-Cell Responses
Heterologous Vaccination Regimens (Groups 1–4 and 7–10)
All heterologous regimens induced CD4+ T-cell responses 
(Supplementary Figure 1). Twenty-one days after dose 2, the 
highest responder rate was observed for the Ad26,hdMVA 
14-day interval group 7 (92%) and the lowest for the MVA,Ad26 
56-day interval group 3 (14%), with median response levels ran-
ging from 0.04% to 0.21%. At day 360, 0% (group 3; MVA,Ad26, 
56-day interval) to 45% (group 1; MVA,Ad26, 14-day interval) 
of participants showed a persisting CD4+ T-cell response (me-
dian, below LLOQ to 0.06%).

Booster vaccination elicited increases in responder rates 
within all groups at day 367 (30%–88.9% of participants) com-
pared, with day 360 with median levels ranging between 0.05% 
and 0.19%. At day 720, responses were observed in 0% to 36.4% 
of participants across all groups (median, below LLOQ to 
0.05%).

Homologous Vaccination Regimens (Groups 5 and 6)
At 21 days after dose 2, 11.1% (Ad26,Ad26; group 6) to 33.3% 
(MVA,MVA; group 5)  of participants had a CD4+ T-cell re-
sponse (median, below LLOQ). In both homologous regimens, 
the response was no longer observed at day 360 (Supplementary 
Figure 1).

The heterologous booster vaccination elicited an increase 
in responders at day 367 (20% of participants in group 5 
[MVA,MVA]; 66.7% of participants in group 6 [Ad26,Ad26]), 
with median values below the LLOQ (MVA,MVA) and 0.16% 
(Ad26,Ad26). At day 720, a CD4+ T-cell response was ob-
served in only 1 MVA,MVA participant (14.3%; below 
LLOQ).

CD8+ T-Cell Responses
Heterologous Vaccination Regimens (Groups 1–4 and 7–10)
All heterologous regimens induced CD8+ T-cell responses 
(Supplementary Figure 2). At 21 days after dose 2, the highest 
responder rate was observed for the Ad26,hdMVA 14-day in-
terval group 7 (85%) while the lowest responder rate was ob-
served for the MVA,Ad26 56-day interval group 3 (33.3%). 
Median CD8+ T-cell responses varied from below the LLOQ to 
0.34% across groups. At day 360, responses were observed in all 
heterologous groups (40%–72.7%), with median values ranging 
from below the LLOQ to 0.15%.

Within 7  days after booster dose, increases in CD8+ T-cell 
responses were observed (45.5%–72.7%), with median values 
varying from 0.05% to 0.46%. At day 720, responses persisted in 
all regimens (41.7%–72.7%) and median CD8+ T-cell responses 
ranged from below the LLOQ to 0.24%.

Homologous Vaccination Regimens (Groups 5 and 6)
In the homologous vaccination regimens, only Ad26,Ad26 
(group 6)  induced a CD8+ T-cell response in 55.6% of parti-
cipants at 21 days after dose 2 (median, 0.17%), while only 1 
participant (11.1%) responded after MVA,MVA (group 5) (me-
dian, below LLOQ) (Supplementary Figure 2). At day 360, re-
sponses were still observed in both groups (22.2%–50%) with 
a median value ranging between below LLOQ and 0.22%. 
Compared with day 360, the booster vaccination did not induce 
notable response changes in the homologous regimens.

Polyfunctionality of CD4+ and CD8+ T-Cell Responses

In all regimens, CD4+ and CD8+ T-cell responses were mostly 
polyfunctional, with the majority of the T cells producing 2 
or 3 of the investigated cytokines (IFN-γ, interleukin 2 [IL-
2], and/or tumor necrosis factor [TNF] α). The most frequent 
polyfunctional T-cell subsets were IFN-γ +/IL-2+/TNF-α +, 
IFN-γ −/IL-2+/TNF-α +, and IFN-γ +/IL-2−/TNF-α + among CD4+ 
T-cell responders and IFN-γ +/IL-2+/TNF-α + and IFN-γ +/IL-2−/
TNF-α + among CD8+ T-cell responders.
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Figure 3. Virus neutralizing antibody titer results, determined with luciferase-based virus neutralization assay, after heterologous or homologous 2-dose vaccination with Ad26.ZEBOV 
(adenovirus serotype 26 [Ad26]) and/or MVA-BN-Filo (modified vaccinia Ankara [MVA]) and booster vaccination at day 360 for groups 1–4 (A), 5 and 6 (B), 7 and 8 (C), and 9 and 10 (no booster 
vaccinations) (D). Vaccination regimens are shown as “dose 1, dose 2 (booster).” Abbreviations: hdAd26, high-dose Ad26; hdMVA, high-dose MVA; IC50, 50% inhibitory concentration.
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DISCUSSION

In parts of Africa, Ebola outbreaks are unpredictable and inev-
itable [3, 5], and multiple approaches are necessary for effec-
tive disease control. Adenoviral-vectored Ebola vaccines have 
been shown to be potent inducers of T- and B-cell responses 
and to protect against EBOV challenge in a nonhuman pri-
mate model [18, 19, 25]. Furthermore, the heterologous 2-dose 
Ad26,MVA vaccination strategy has been demonstrated to be 
safe and immunogenic, conferring long-lasting immune re-
sponses [12, 21, 22].

In this phase 1 study, we demonstrated that both heterologous 
and homologous Ad26,MVA Ebola vaccine regimens are well 
tolerated in healthy adults, regardless of interval (7–56  days), 
vaccination order, or dose levels. Safety and tolerability data for 
the 2-dose strategy were comparable with other phase 1 study 
findings [12, 21, 22]. There were no vaccine-related SAEs and 
no apparent differences in AE profile after either dose, or be-
tween different dose intervals.

All heterologous vaccine regimens induced antibody re-
sponses, similar to those previously observed in other phase 
1 studies [12, 21, 22]. A  clear trend to higher responses 
with increasing intervals was seen between the 2 doses, ir-
respective of order of administration. The highest humoral 
responses were observed 21  days after Ad26,MVA and 
MVA,Ad26 vaccine regimens administered at 28- and 56-day 
intervals, respectively. However, in heterologous regimens, 
antibody levels were generally similar in long-term follow-up 
regardless of sequence, interval, or use of high-dose vaccines. 
Homologous  2-dose regimens, particularly the MVA reg-
imen, were less immunogenic.

All heterologous and homologous 2-dose regimens studied in-
duced humoral immune memory, as demonstrated by rapid in-
creases in binding and neutralizing antibody levels within 7 days 
after a booster vaccination. One year after the booster, binding 
and neutralizing antibody responses persisted at levels higher than 
those observed 1 year after initial vaccination (day 360).

The Ad26,hdMVA in a 14-day interval regimen did not 
induce higher antibody responses than the standard-dose 
Ad26,MVA in a 28-day interval regimen, suggesting that 
the higher dose did not compensate for the shorter interval. 
Although hdAd26,hdMVA tended to induce higher humoral 
responses than standard-dose Ad26,MVA with a 28-day in-
terval, the difference did not persist until day 360.

Heterologous regimens induced polyfunctional CD4+ and 
CD8+ T-cell responses in a substantial percentage of partici-
pants. However, unlike the humoral responses, these cellular 
immune responses tended to be higher with MVA,Ad26 at 
shorter intervals. Cellular responses were much smaller and less 
persistent in the homologous regimen groups.

Our data show that heterologous Ad26,MVA vaccination 
regimens produce robust and durable humoral and cellular 
immune responses against EBOV GP. Homologous regimens 

resulted in lower humoral responses and little, if any, cellular 
immune responses. Increasing the dose of either regimen com-
ponent resulted in small incremental increases in responses, but 
this was limited to the immediate postvaccination assessments, 
and the differences did not persist over time.

The main limitations of this study are small numbers of parti-
cipants and a population not representative of those most at risk 
of Ebola infection. Both limitations will be addressed by the on-
going clinical development program, which includes larger phase 
2 and 3 studies (NCT02416453, NCT02564523, NCT02598388, 
NCT02509494, NCT02543567, and NCT02543268) in Europe, 
the United States, and West and East sub-Saharan Africa to 
evaluate Ad26,MVA regimens with 28-, 56- or 84-day intervals.

In conclusion, 2-dose heterologous regimens with standard 
doses of Ad26 and MVA provide persistent humoral and cel-
lular immune responses, as well as immune memory to EBOV 
GP. The heterologous 2-dose Ad26,MVA vaccination strategy is 
undergoing further clinical assessment in phase 2 and 3 trials 
encompassing different populations including children, older 
adults, and people living with HIV infection.
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