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Ebola virus disease (EVD) is a filoviral infection caused by virus species of the Ebolavirus genus
including Zaire ebolavirus (EBOV) and Sudan ebolavirus (SUDV). We investigated the safety and
immunogenicity of a heterologous prime-boost regimen involving a chimpanzee adenovirus 3
vectored Ebola vaccine [either monovalent (cAd3-EBOZ) or bivalent (cAd3-EBO)] prime followed by a
recombinant modified vaccinia virus Ankara EBOV vaccine (MVA-EbolaZ) boost in two phase 1/1b
randomized open-label clinical trials in healthy adults in the United States (US) and Uganda (UG). Trial
US (NCT02408913) enrolled 140 participants, including 26 EVD vaccine-naïve and 114 cAd3-Ebola-
experienced participants (April-November 2015). Trial UG (NCT02354404) enrolled 90 participants,
including 60 EVD vaccine-naïve and 30 DNA Ebola vaccine-experienced participants (February-April
2015). All tested vaccines and regimens were safe and well tolerated with no serious adverse events
reported related to study products. Solicited local and systemic reactogenicity was mostly mild to
moderate in severity. The heterologous prime-boost regimen was immunogenic, including induction
of durable antibody responses which peaked as early as twoweeks and persisted up to one year after
each vaccination. Different prime-boost intervals impacted the magnitude of humoral and cellular
immune responses. The results from these studies demonstrate promising implications for use of
these vaccines in both prophylactic and outbreak settings.

Ebola virus disease (EVD) is one of the World Health Organization’s
(WHO) priority diseases posing the greatest risk to global health1. Most
viruses of the six known species of Ebolavirus are known to cause hemor-
rhagic fever in humans2,3. Zaire ebolavirus (EBOV) and Sudan ebolavirus
(SUDV) have been responsible for over thirty human outbreaks since the

discovery of EVD in 1976with average case fatality rates (CFRs) of 67% and
48%, respectively4. Outbreaks of EVD have occurred with increased fre-
quency in the 21st century5–7. The 2014–2016 West African epidemic of
EBOV was the largest EVD outbreak in history; it spread widely from
Guinea into Liberia and Sierra Leone, infectednearly 30,000 individuals and
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resulted in 11,310 deaths8. WHO declared this epidemic a Public Health
Emergency of International Concern (PHEIC)8. This, along with other
recent outbreaks of EBOVand SUDV, accelerated the development of EVD
vaccines4,9,10.

Akeyantigenic target forEVDvaccines is the surface viral glycoprotein
(GP) that mediates host cell attachment and fusion of the viral membrane
and host endosomal membrane11,12. Dozens of EVD vaccines targeting GP
progressed into clinical testing between 2014 and 201613, resulting in two
vaccines receiving regulatory approval14. A single dose vesicular stomatitis
virus-vectored EBOV vaccine rVSV-ZEBOV (Ervebo®) was approved in
the United States (US), European Union (EU), and several African coun-
tries. Later, a heterologous prime-boost regimen was approved in the EU:
adenovirus serotype 26-vectored EBOV vaccine Ad26.ZEBOV (Zabdeno®)
boosted eight weeks later by a modified vaccinia virus Ankara quadrivalent
filovirusMVA-BN-Filo vaccine (Mvabea®)14,15. Both vaccine regimenswere
used during the 2018-2020 Democratic Republic of the Congo (DRC)
outbreak, the second largest EBOV outbreak with 3,323 confirmed cases of
EVD16–18. While rVSV-ZEBOV has been utilized for pre-exposure pro-
phylaxis for frontline workers during Ebola outbreaks19–22, neither vaccine
has been widely utilized for routine vaccinations in endemic regions
for EVD23.

In response to the 2014–2016 outbreak, we conducted two parallel
clinical trials of a monovalent or bivalent chimpanzee adenovirus vector 3
(cAd3) Ebola GP vaccine prime followed by an MVA-vectored EBOV GP
boost in healthy adults in the United States (Trial US) and Uganda (Trial
UG). The primary objectives of both trials were determination of the safety
and tolerability profile of the vaccines. An ideal EVD vaccine would induce
broad, rapid, anddurable immunity after a single injection, withflexible and
optional boosting. Vaccinemultivalency could be advantageous for an EVD
vaccine due to the multiple Ebolavirus species but might also reduce the
immune response to each individual viral antigen. Therefore, we explored
the relative immunogenicity of a monovalent (cAd3-EBOZ) versus a
bivalent (cAd3-EBO) vaccine in both clinical trials. Furthermore, sporadic
and unpredictable EVD outbreaks emphasize the need for a vaccine with
flexible deployment options. Vaccine prime-boost intervals can impact
immune responses, including a positive correlation between the interval
length and maximum post-boost antibody titers24, although the long-term
impact on humoral immunity is less clear25,26. Therefore, as an exploratory
objective of Trial US, we investigated the impact of different prime-boost
intervals on immunogenicity. Due to the similarities between Trial US and
Trial UG, they have been combined in this report.

Results
Study population
Between April 27 and November 20, 2015, 140 participants were enrolled
into Trial US (Fig. 1), including 70 (50%) males and 70 (50%) females with
the mean age of 38 years (range: 20–66). Among the participants, 26 were
EVD vaccine-naïve who received either MVA-EbolaZ alone (n = 10) or a
cAd3-Ebola vaccine (n = 16) followed by MVA-EbolaZ (n = 15). The

remaining 114 participants were previously vaccinated with a cAd3-Ebola
vaccine at least 12 weeks prior to enrollment and received only MVA-
EbolaZ in Trial US. Prior vaccinees included nine EBOZ Low, nine EBOZ
High, eight EBOLow, and 88EBOHigh recipients (NCT02231866). Twoof
the latter had received a DNA Ebola vaccine (NCT00605514) five years
prior to EBOHigh vaccination. A total of 12 participants (9%) discontinued
the study after receipt of MVA-EbolaZ due to moving away from the area
(n = 7, 5%), being lost to follow-up (n = 3, 2%), withdrawal (n = 1, 1%), or
due to an unrelated illness/injury (n = 1, 1%).One participant (1%) received
cAd3-EBObut notMVA-EbolaZ boost after the PI determined it was in the
best interest of the participant. Complete Trial US demographic informa-
tion is contained in Supplementary Table 2.

Between February 16, 2015, and April 10, 2015, 90 participants were
enrolled into Trial UG (Fig. 1), including 75 (83%) males and 15 (17%)
females, with themean age of 30 years (range: 19-48). All study participants
received a single cAd3-Ebola vaccine followed byMVA-EbolaZ.Among the
participants, 69 were EVD vaccine-naïve. The remaining 21 had previously
received a DNA Ebola vaccine (NCT00997607). 66 participants who
completed at least 36 weeks of follow-up after cAd3-Ebola vaccination were
enrolled to receive theMVA-EbolaZ boost. After cAd3-Ebola vaccination, a
total of ten participants (11%) were discontinued from the study due to
being lost to follow up (n = 5, 6%), moving from the area (n = 3, 3%),
voluntary withdrawal (n = 1, 1%) and unrelated death (n = 1, 1%). Fourteen
participants (16%) elected not to receive a boost. After MVA-EbolaZ vac-
cination, a total of four participants (4%) were discontinued from the study
due to moving from the area (n = 3, 5%) or being lost to follow-up (n = 1,
2%). Complete Trial UG demographic information is listed in Supple-
mentary Table 3.

Safety
In both trials, the cAd3-Ebola and MVA-EbolaZ vaccines were safe when
administered alone or in a prime-boost regimen. No SAEs related to study
products were recorded. In Trial US, the most frequent study-product
related AEs were neutropenia (n = 13, 9.5%), lymphopenia (n = 12, 8.8%),
and leukopenia (n = 10, 7.3%). A full list of Trial US AEs and their duration
is in Supplementary Table 4. In Trial UG, themost frequently reportedAEs
assessed as related to the product were mild leukopenia (n = 10, 11.1%) or
mild to moderate neutropenia (n = 7, 7.8%). A full list of Trial UGAEs and
their duration is in Supplementary Table 5. All abovementioned AEs
resolved without sequelae.

Solicited local and systemic reactogenicity was mostly mild to mod-
erate in severity (Fig. 2, Supplementary Figs. S1, S2). Most solicited symp-
toms exhibiteddose-dependency: reports occurredwith greater incidence in
the higher dose groups than comparable lowerdose groups. InTrialUS, two
participants developed severe transient fever after receiving either a cAd3-
Ebola vaccine (n = 1, 6.3%) or MVA-EbolaZ (n = 1, 0.7%), and one parti-
cipant experienced transient severe injection site pain after MVA-EbolaZ
(n = 1, 0.7%; Supplementary Fig. S1). In Trial UG, five participants devel-
oped severe fever after cAd3-Ebola (n = 3, 3.4%) or MVA-EbolaZ (n = 2,

Fig. 1 | Consort diagram. 1MVA-EbolaZ (MVA): recombinant modified vaccinia
virus Ankara Zaire ebolavirus (EBOV) vaccine2; cAd3-EBO: bivalent Zaire ebola-
virus (EBOV) and Sudan ebolavirus (SUDV) chimpanzee adenovirus 3 (cAd3)
vectored vaccine3, cAd3-EBOZ: monovalent Zaire ebolavirus (EBOV) chimpanzee

adenovirus 3 (cAd3) vectored vaccine4; Previous Ebolavirus Vaccination: study
participants previously participated in NCT022318665; Previous Ebolavirus Vacci-
nation: study participants previously participated in NCT00997607.
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3.0%) and three participants developed transient severe injection site pain
after MVA-EbolaZ (n = 3, 4.5%; Supplementary Fig. S2). Additional soli-
cited severe systemic events in Trial UG included isolated cases of severe
malaise or myalgia after receiving cAd3-Ebola vaccines (1.1% each). After
MVA-EbolaZ boost, two severe headaches (3.0%) and single reports (1.5%)
of severe injection site swelling, chills, malaise, and myalgia were reported.
All symptoms were transient and resolved without sequelae.

Antibody Response to cAd3-Ebola vaccines
To evaluate immune responses to the cAd3-Ebola vaccines, we measured
EBOZ GP-specific IgG antibodies by ELISA. Average baseline-subtracted
antibody titers increased above a titer of 100 EC90 in all groups in both US
and UG trial participants by the four-week secondary endpoint (Fig. 3a, b).
Additional time points after vaccination were evaluated in exploratory
analyses. A rapid and robust recall response to the cAd3-EBO vaccine was
observed in (DNA): EBOparticipants (n = 24: 3 inUS, 21 inUG), peaking at
two weeks regardless of the dose (Fig. 3c, d). The titers in (DNA): EBO
participants remained significantly greater at four weeks and 24 weeks than
in the cAd3-Ebola primed groups (Fig. 3a, b). In participants without prior
DNA Ebola vaccination, titers peaked by four to eight weeks after cAd3-
Ebola vaccination. Titers remained significantly increased over baseline for
all dose groups ofn > 1 (groupdetails in SupplementaryTable 8) at 48weeks
after cAd3 vaccination (For Trial US, EBO low: p = 0.0079; EBO high:
p < 0.0001. For Trial UG, EBOZ low: p = 0.0152; EBOZ high: p = 0.0003;
EBO low: p = 0.0017; EBO high: p < 0.0001; (DNA) EBO low: p = 0.0014;
(DNA) EBO high: p = 0.1136).

Among previously naïve recipients who received a cAd3-Ebola vac-
cine, the titer in EBO High was greater than the titer in EBO Low in both
Trial US and Trial UG participants (Fig. 3a, b). Similarly, EBOZ High
outperformedEBOZLow, a difference thatwas statistically significant by 24
weeks post vaccination (Supplementary Table 6, 7). In UG participants,
there was no difference in antibody titers between EBO and EBOZ at
equivalent doses (Fig. 3b). However, in the US participants, titers elicited by
EBO Low were significantly lower than those elicited by EBOZ Low at
24 weeks after vaccination (Supplementary Table 6). The impact of vaccine
valency on antibody titers is apparent when viewed longitudinally, as the
titers elicited by vaccines of equivalent dose overlapped inUG, but in theUS
the graphs were interleaved, with EBO titers lower than EBOZ titers (Fig.
3c). When we compared vaccine valency in an ad-hoc analysis by two-
sample t test, recipients of either dose of cAd3-EBO had significantly lower
antibody titers at week 24 compared to recipients of the equivalent doses of

EBOZ in Trial US (p = 0.013 between low doses p = 0.022 between high
doses) but not in Trial UG.

In a subset of participants from Trial US, the antibody response to
SUDVGPwas assessed by ELISA (Supplementary Fig. 3a). As expected, the
SUDV GP-specific antibody titers were significantly higher in participants
receiving the bivalent vaccine than the monovalent vaccine, and the titers
among the bivalent vaccine recipients were dose-dependent.

T cell responses to cAd3-Ebola vaccines
To evaluate cell-mediated immune responses, we quantified CD4 and
CD8 memory T cell responses to peptides derived from the EBOZ GP
antigen by flow cytometry. CD4 andCD8memory T cell responses were
detected at four weeks after vaccination with a cAd3-Ebola vaccine
(Fig. 4). The most pronounced increase in the percentage of CD4 T cells
from baseline to four weeks post prime was observed in Trial US study
participants who received EBO High (p < 0.001, Fig. 4a). Interestingly,
no differences were observed in the corresponding group in Trial UG
(Fig. 4b). Significant increases in CD4 T cells were also found in EBOZ
Low (US: p = 0.016; UG: p = 0.008) and EBOZ High dose groups (US:
p = 0.031; UG: p = 0.005), in the EBOLow recipients (US: p = 0.004; UG:
p = 0.008), and in Trial UG (DNA):EBO groups ((DNA):EBO Low:
p = 0.001; (DNA):EBO High: p = 0.020).

Similar trends were observed for EBOZ GP-specific CD8 memory T
cell responses in participants from both trials (Fig. 4 c, d). Significant
increaseswere observed inEBOHigh (p < 0·001 for bothUS andUG) and in
EBOZ High dose groups (US: p = 0.0016, UG: p = 0.002). However, an
increase in the percentage of CD8 T cells in EBOZ Low groups (p = 0·016)
was seen only in Trial US. No statistically significant differences were
observed for the DNA Ebola groups.

We evaluated the subset of participants from Trial US for SUDV GP-
specific T cell responses to an overlapping peptide pool from the SUDVGP
vaccine insert by flow cytometry. SUDV GP-specific CD4 T cells were
significantly increased at week 4 over baseline (p ≤ 0.005) by vaccination
with cAd3-EBO, but not cAd3-EBOZ (Supplementary Fig. 3b). Only the
higher dose of the cAd3-EBO vaccine elicited a significant week 4 increase
(p ≤ 0.005) in SUDV GP-specific CD8 T cells.

Immune response to MVA alone in Ebola-naïve participants
MVA-EbolaZwas initially evaluated alone in Trial US because safety of this
product inhumanswas yet to be establishedwhen the trial began.Unlike the
cAd3-Ebola vaccine-primedparticipants, and consistentwithprevious trials

Fig. 2 | Solicited reactogenicity. Percent of participants (x axis) reporting solicited
local or systemic symptoms by vaccine group (y axis) in the seven days following
each vaccination. For symptoms persisting more than one day, a single count per
person at the maximum severity of the symptom was used for the figure. Saturated

bars are from the herein reported trials, faded bars are results from a previous trial
(NCT02231866) and have been partially reported28,32. Detailed reactogenicity data is
presented in Supplementary Fig. 1 (Trial US) and 2 (Trial UG).
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of MVA-vectored vaccines27, modest immunogenicity was elicited by
MVA-EbolaZ alone (Supplementary Fig. 4).

Antibody responses to MVA-EbolaZ administered as a boost to
cAd3-Ebola
In both Trial US and Trial UG, when administered after cAd3-Ebola,
MVA-EbolaZ boosted the EBOZ GP-specific antibody responses to a
uniformly high titer, irrespective of the cAd3-Ebola priming vaccine or
whether they were previously exposed to a DNA Ebola vaccine (Fig. 5).
Baseline-subtracted (pre-cAd3) responses peaked at two weeks after the
boost and were maintained at an average titer of over 1000 EC90 out to
48 weeks post MVA-EbolaZ. The similar peak titers across all groups
indicate that MVA-EbolaZ is an effective boost for cAd3-exposed
participants regardless of the dose, valency, or number of previous
Ebola vaccines.

T cell responses to MVA-EbolaZ administered as a boost to
cAd3-Ebola
We also measured cell-mediated immune responses following boost
vaccination with MVA-EbolaZ by intracellular cytokine staining after
stimulation with a pool of overlapping peptides from the EBOV GP
vaccine insert. Most groups in both Trial US and Trial UG displayed
significant increases in antigen specific CD4 memory T cells from
baseline to four weeks (p < 0.05) after the boost (Fig. 6a, b). Significant
increases in CD8 T cell antigen specific immune responses were
observed in most Trial US groups (p < 0.05) following MVA-EbolaZ
boost (Fig. 6c). In Trial UG, differences at four weeks after the boost
were seen only in two groups: EBOZHigh (p = 0.022) and (DNA): EBO
Low (p = 0.008) (Fig. 6d).

Effect of prime-boost interval on antibody titers and T cell
responses
An exploratory objective of Trial US was to evaluate the immunogenicity
elicited by different intervals between the cAd3-Ebola vaccine prime and the
MVA-EbolaZboost. Participantswho receivedEBOHighafter a 6–11-week
prime boost interval (US EBO High (short)) had a steeper decline in titers
than theUSEBOHighpopulation that hadprime-boost intervals from12 to
52 weeks, (Fig. 5a). These results suggest that a short prime-boost interval
was suboptimal for antibodydurabilitywith these vaccines. To expandupon
this observation, we assessed the correlation of antibody titers or T cell
responses versus the prime-boost intervals (Fig. 7). Indeed, there was a
positive correlation of antibody titers with increasing prime-boost intervals.
The correlation at week 4 post-MVA-EbolaZ was negligible (Fig. 7a),
consistent with the similar peak antibody recall responses (Fig. 5). However,
with increasing time after boost, the effect of prime-boost interval increased,
such that the correlation was observed at 24 weeks (Fig. 7b) and was the
strongest at 48 weeks post MVA-EbolaZ boost (Fig. 7c). In contrast, the
percentage of CD4 and CD8 memory T cells at four weeks post MVA-
EbolaZ boost was negatively associated with the prime-boost interval. The
effect was negligible for CD8 T cells (Fig. 7d) but stronger for CD4 T cells
(Fig. 7e).

Adenoviral vector immunogenicity
As a secondary objective of Trial UG and exploratory objective of Trial US,
we assayed the neutralizing antibody responses to the cAd3 vector. This GP
antigen-agnostic assay was performed to determine the impact of pre-
existing cAd3-specific antibodies on the immunogenicity of the virus-
vectored vaccines. cAd3-neutralizing titers after cAd3-Ebola vaccination
have been previously published for Trial US participants28, except for the

Fig. 3 | Antibody responses to the cAd3-Ebola vaccines followed similar dose-
dependence and kinetics in the Trial US and Trial UG participants. Baseline-
subtracted antibody titers following cAd3-EBOZ or cAd3-EBO vaccination in the
US andUG trial participants as assessed by Ebola Zaire GPELISA. Data expressed as
EC90 titers. In (a, b) titers from weeks 4, 24 and 48 post-cAd3 Ebola vaccination are
shown as dot plots overlaid with a line at the geometric mean titer (GMT). Titers
were compared between groups from the same country and at the same time using
Wilcoxon rank-sum test. Statistical significance is noted as follows: α: significant
difference from EBOZ Low, β: Significant difference from EBOZHigh, γ: Significant

difference from EBO Low, λ: Significant difference from all Low, ζ: Significant
difference from all EBOZ, π: significant difference from all Low and EBO High, ω:
Significant difference from all non-DNA-primed. The n participants for each
comparison and the p values are listed in Supplementary Tables 6 and 7. Results from
(a, c) are from a previous clinical trial (NCT02231866), and the results have been
partially reported28,32. Low n participants in (a) at week 48 are due to recruitment of
participants into the subsequent Trial US to receive MVA vaccine (NCT02408913).
In (c, d), durability of the vaccine-induced antibody titers are expressed as GMTs.
Throughout figure, error bars indicate 95% CIs.
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EBOHigh (short) cohort, which is presented alongside the results from the
UG cohort (Supplementary Fig. 5). As observed in previous cAd3 vector
trials28, the cAd3 vector elicited neutralizing antibody responses against all
cAd3-Ebola vaccine formulations.

Discussion
This report summarizes the findings of two phase 1/1b clinical trials to
determine the safety and immunogenicity of cAd3-Ebola vaccine
primes followed by anMVA-EbolaZ boost. The trials were conducted in
the US and Uganda during the 2014–2016 PHEIC Ebola epidemic,
when no licensed Ebola vaccines were available. The three vaccines
(cAd3-EBO, cAd3-EBOZ, andMVA-EbolaZ) tested in these trials were
safe and tolerable alone and in combination. The prime-boost regimen
induced EBOV and SUDV GP-specific antibody responses and cell-
mediated responses, which are associated with protection against viral
infection and durability of protection, respectively29,30. Humoral
responses were sustained for at least 48 weeks after both cAd3-Ebola
prime andMVA-EbolaZ boost, with the boost increasing antibody titers
in all groups to a similar absolute level by two weeks. Both the prime-
boost interval and the valency of the priming vaccine had impacts on
humoral and cellular immune responses. These studies support and
expand the body of evidence indicating safety and immunogenicity of
the cAd3-Ebola prime, MVA-EbolaZ boost regimen, while revealing
insights about vaccine valency and prime-boost interval which will
inform future EVD vaccine development.

All three vaccines evaluated were safe and tolerable. Most vaccine-
elicited symptoms were mild to moderate in severity, and most unsolicited
AEs related to the vaccine were mild and involved perturbations to blood
counts with no clinical sequelae. In naïve participants, the cAd3-Ebola
vaccines were more reactogenic than MVA-EbolaZ, in a dose-dependent
manner. Higher rates of MVA-EbolaZ reactogenicity were observed after
MVA-EbolaZwas administered as a boost. These results are consistent with
the relative immunogenicity of the vaccines: MVA-EbolaZ generated lower
antibody titers than the cAd3-Ebola vaccines in naïve participants, and the
humoral response to cAd3-Ebola vaccines alone was dose-dependent.
Importantly, no arthralgia was reported in Trial US, and cases of arthralgia
in Trial UG had a median duration of 1 day (interquartile range, 0-2) and
werenever severe, compared to the8or 18daymediandurations reported in
early phase rVSV-ZEBOV trials which included grade 3 arthralgias20,31.
Also, no virus-filled skin vesicles occurred after either cAd3-Ebola orMVA-
EbolaZ vaccination; this was a safety concern reported in early phase rVSV-
ZEBOV clinical trials20,31. The data presented add to the body of
evidence19,24,27,28,32,33 that the cAd3-Ebola andMVA-EbolaZ vaccines are safe
and tolerable in humans.

The exact correlates of protection against EVD in humans have yet to
be established; however, the presence of anti-GP antibodies is associated
with protection against viral infection29,30. Both cellular and humoral
responses are important for protection of nonhuman primates from
EBOV29,30. Studies performed in macaques demonstrated that protective
antibody responses to EBOVpredominantly targetGP34, and that induction

Fig. 4 | cAd3-Ebola vaccination increased the proportion of CD4+ and
CD8+ T cells responding to Zaire epitopes by week 4. Percentage of memory
background-subtracted CD4 (a, b) and CD8 (c, d) T cells responding to ex vivo
stimulation with production of any tested cytokine at baseline and four weeks post
cAd3-Ebola vaccination in Trial US (a, c) and Trial UG (b, d) participants. Box plots
denote median with upper and lower quartiles of each group. Dotted line indicates
background cytokine production in the absence of stimulation. Each ⥉ in (a, c)
indicates a single data point greater than the extent of the y axis : one participant

displayed high baseline frequencies between 20 and 25% of GP-reactive memory
CD4 and CD8 T cells, that diminished to less than 1% after vaccination; four weeks
after vaccination, GP reactivity reached 2.7% of memory CD4 T cells in one indi-
vidual and 6.9% of memory CD8 T cells in a separate individual. For each group,
titers were compared between baseline and week 4 using the Wilcoxon rank-sum
test, and statistical significance is reported above each group for which p < 0.05.
Results from (a, c) are from a previous clinical trial (NCT02231866), and the results
have been partially reported28,32.
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of antigen-specific effector andmemory CD8 T cells might also be required
to achieve durable protection29. T-cell dependent B cell activation is critical
for Ebola GP-specific IgG production30. These results suggest that both
humoral and cellular immunity are integral to the response to EBOV.

In the presented studies, cAd3-Ebola vaccines elicited robust and
durable humoral immune responses, which were enhanced by the MVA-
EbolaZ boost. Consistent with previous trials28,32, the cAd3-Ebola vaccines
can elicit long-lasting humoral immunity against EBOV with one

vaccination dose28, which would be advantageous to rapidly produce anti-
body titers in the face of an outbreak. The stability of EBOZ GP-specific
antibody titers in both US and UG cohorts for up to 48 weeks prior to
boosting suggests a cAd3-Ebola vaccine could be potentially administered
far in advance of an outbreak without significant loss of protection. In
general, both populations had similar immune responses to cAd3-Ebola
vaccines. The approved Ebola vaccines have demonstrated antibody titers
lasting at least two (Ad26.ZEBOV+MVA-BN-Filo) or three (rVSV-

Fig. 6 | MVA-EbolaZ boost increased proportion of CD4+ and CD8+ T cells
responding to Zaire epitopes by week 4. Percentage of memory background-
subtracted CD4 (a, b) and CD8 (c, d) T cells responding to ex vivo stimulation with
production of any tested cytokine at baseline and four weeks post-MVA vaccination
in US (a, c) and UG (b, d) participants. Box plots denote median with upper and

lower quartiles of each group. Dotted line indicates background cytokine production
in the absence of stimulation. For each group, titers were compared between baseline
and week 4 using theWilcoxon rank-sum test, and statistical significance is reported
above each group for which p < 0.05.

Fig. 5 | MVA-EbolaZ boosted EBOZ GP-specific antibody titers in participants
with previous cAd3-Ebola vaccine exposure to similar magnitudes in Trial US
andTrialUG.Baseline (pre-cAd3)-subtracted antibody titers (y axis) in theweeks (x
axis) following MVA-EbolaZ vaccination in the US (a) and UG (b) participants as

assessed by Ebola Zaire GP ELISA. Data expressed as EC90 titers with 95% con-
fidence intervals (CIs) indicated by error bars. The EBO High (short) group is the
Trial US group with a prime-boost interval of 6–11 weeks.
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ZEBOV) years post vaccination14,35. Interestingly, participants with prior
receipt of a DNA Ebola vaccine displayed a rapid recall of the humoral
response following cAd3-Ebola vaccination, despite the minimum of five
years’ interval between vaccines, indicating a possible use for DNA priming
of front-line workers that could be boosted quickly in outbreak responses.
MVA-EbolaZ administered at intervals ranging from 6 to 52 weeks post-
vaccination successfully boosted the cAd3-Ebola vaccine-primed response.
The MVA-EbolaZ boost uniformly increased EBOZ GP-specific antibody
titers approximately five-5,000-fold, and the boosted titers were durable for
at least 48 weeks, irrespective of prime dose or valency. Given the dose-
dependent reactogenicity of the cAd3-Ebola vaccines, the results suggest
that the prime dose could be strategically lowered in the interest of dose-
sparing if a high rate of booster vaccine compliance is expected.

Prime-boost interval flexibility would benefit Ebola-endemic areas,
allowing effective boosting of a primed population upon detection of an
outbreak’s index cases. Due to the 56-day delay between recommended
doses of Ad26.ZEBOV and MVA-BN-Filo, that regimen is not recom-
mended for those at high risk of Ebola infection35. That the vast majority of

participants in both Trial US andUG had titers well above baseline levels as
early as week 2 suggests that the cAd3-Ebola vaccines may be valuable in a
rapid response scenario, without necessitating the MVA-EbolaZ boost
before potential infectious exposure. In situations where prime-boost flex-
ibility is less essential, an interval favoring the most protective immune
outcome might be utilized. The cAd3-Ebola, MVA-Ebola Z prime-boost
interval was observed to differentially affect the magnitude of the humoral
and cellular immune response. Longer prime-boost intervals favored a
robust humoral boost and shorter intervals favored increased cellular
memory responses, a pattern that has been reported previously24,25,27,
lending greater weight to these findings27. Whether, and in what way, these
differences are biologically meaningful remains to be determined.

Limitations of these trials include a higher percentage of men as
compared to women in Trial UG, and the small number of study partici-
pants who completed all study visits post cAd3-Ebola prime in the US
participants resulting from their enrollment to receive MVA-EbolaZ boost.
These small phase 1 trials were designed to establish safety of the vaccines
evaluated and were not powered to determine vaccine efficacy or correlates

Fig. 7 |Memory T cell and antibody responses are differentially dependent on the
prime-boost interval in Trial US. Log10 transformed EC90 titers (a–c) or percent of
memory T cells responding to stimulationwith any tested cytokine production (d, e)
of samples from US participants (y axis) are plotted against the interval in weeks
between the participant’s cAd3-Ebola prime and MVA-EbolaZ boost vaccinations
(x axis). Spearman correlations p, and rho are included for each comparison. A

simple linear regression line and its slope is included for reference. For antibody
titers, correlationswere performed comparing the prime-boost interval against week
four (a), 24, (b) and 48 (c) EBOZGP-specific antibody titers after the boost, whereas
for T cells the comparison used CD4 (d) and CD8 (e) T cell percentages from
week 4 only.
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of protection. Finally, while themagnitude of the immune responses against
SUDV GP were in a similar range to those against EBOV, they were only
captured for a subset of participants who received the cAd3-Ebola vaccines
in the US trial and should be evaluated further in future studies.

These parallel phase 1/1b clinical trials in the US and Uganda
demonstrated safety and immunogenicity of the cAd3-EBO, cAd3-EBOZ,
and MVA-EbolaZ vaccines alone and in combination. Importantly, the
elicited antibody responses were durable up to 48 weeks following each
vaccination. TheMVA-EbolaZ vaccine generated a robust boosting effect to
the Ebola-specific immune response, irrespective of prime dose or valency.
While still robust, differences in the magnitude of the humoral and cellular
immune responses depended on the MVA-EbolaZ prime-boost interval.
The cAd3-based filovirus platform has been licensed for further develop-
ment by the Sabin Vaccine Institute. The results of these clinical trials will
inform future Ebola vaccine development and optimization.

Methods
Study design and participants
Two phase 1/1b open-label, randomized, dose-escalation clinical trials were
conducted inparallel to evaluate the safety, tolerability, and immunogenicity
of a prime-boost regimen in healthy adults with or without prior EVD
vaccination in theUS andUganda. This regimen includedprimingwith one
of two cAd3-vectored vaccines (collectively referred to as cAd3-Ebola)
followed by an MVA vector expressing EBOV GP (MVA-EbolaZ). The
cAd3-Ebola prime was either monovalent, expressing the GP of EBOV
(cAd3-EBOZ), or a bivalent cocktail of two cAd3 vectors (cAd3-EBO), each
encoding either the GP of EBOV or SUDV. Trial US was reviewed and
approved by the NIAID Institutional Review Board (IRB). Trial UG was
approved by the infectious diseases IRB of the Uniformed Services of the
Health Sciences (Bethesda,MD,USA), the research and ethics committee of
Makerere University School of Public Health (Kampala, Uganda), and the
Uganda National Council of Science and Technology (Kampala, Uganda).
Both trials were conducted in compliance with International Council for
Harmonisation (ICH) Good Clinical Practice (GCP) guidelines; all parti-
cipants provided written informed consent prior to enrollment.

A phase 1/1b trial (NCT02408913) was conducted at three sites in the
US (herein designated Trial US): Vaccine Research Center (VRC), National
Institutes of Allergy and Infectious Diseases (NIAID), National Institutes of
Health (NIH) Clinical Center, Bethesda, MD; Center for Vaccine Devel-
opment and Global Health, University of Maryland School of Medicine,
Baltimore, MD and The Hope Clinic of the Emory Vaccine Center, Emory
University, Atlanta, GA. Eligible EVD vaccine-naïve study participants
between the ages of 18–50 years old and with no clinically significant
medical history were recruited from the Washington, D.C. metropolitan
area (VRC site). Additionally, eligible study participants between the ages of
18–66 who had already received either the cAd3-EBOZ or cAd3-EBO
vaccine in a previous clinical trial (NCT02231866) and completed at least
12 weeks of follow-up were offered to enroll into Trial US to receive MVA-
EbolaZ vaccine (all three US sites). Two of the latter participants had also
received a DNA Ebola vaccine in an earlier clinical trial (NCT00605514)
before receipt of the cAd3-EBO vaccine in the previous trial
(NCT02231866). A full list of inclusion/exclusion criteria can be found in
the study protocol (Supplementary Materials).

A phase 1b trial (NCT02354404) was conducted at Makerere
University-Walter Reed Project, Kampala, Uganda area (herein designated
Trial UG). EVD vaccine-naïve study participants were healthy adults 18–65
years of age without clinically significant medical history. Exclusion criteria
included history of severe adverse reactions to vaccines and receipt of
investigational products or live vaccines 28 days prior to enrollment. Indi-
viduals who had received Ebola monovalent DNA or bivalent Ebola and
MarburgDNAvaccines (DNAEbola, collectively) in a previous clinical trial
(NCT00997607) and completed at least 36 weeks of follow-up were also
provisionally eligible for enrollment- additional details, including full
inclusion/exclusion criteria, can be found in the study protocol (Supple-
mentary Materials).

Randomization
In Trial US, EVDvaccine-naïve participantswere randomized 1:2 to receive
1 × 107 PFUdose ofMVA-EbolaZor2 × 1011PUdose of cAd3-EBO(Fig. 1).
The randomization obtained via computer-generated random numbers
were provided to the study pharmacist by the protocol statistician. The
1 × 108 PFU dose ofMVA-EbolaZ was enrolled thereafter. All cAd3-Ebola-
experienced participants received MVA-EbolaZ at a dose of 1 × 108 PFU
and were grouped based on their previous clinical trial history
(NCT02231866). In Trial UG, EVD vaccine-naïve study participants were
randomized by unblinded staff 1:1:1:1 to receive a single injection of cAd3-
EBOZ at a dose of 1 × 1010 PU or 1 × 1011 PU or cAd3-EBO at a dose of
2 × 1010 PU or 2 × 1011 PU. Volunteers who previously received a DNA
Ebola vaccine (NCT00997607) were randomized 1:1 to receive cAd3-EBO
at 2 × 1010 PU or 2 × 1011 PU. Both Trial US and Trial UG were open-label
and medical personnel were aware of treatment assignments.

Vaccines
A recombinant replication-deficient cAd3 virus was used as a vector for two
EVDvaccinesmanufactured at theVRCVaccinePilot Plant operated under
contract by the Vaccine Clinical Materials Program (VCMP), Leidos Bio-
medical Research, Inc. in Frederick, MD. The monovalent cAd3-EBOZ
vaccine encoded the wildtype GP from Zaire ebolavirus and was manu-
factured at 1 × 1011 PU/mL in formulation buffer. It was administered
intramuscularly in a 1mL volume at either 1 × 1010 PU (EBOZ Low) or
1 × 1011 PU (EBOZHigh) doses. The bivalent cAd3-EBO vaccine consisted
of 1:1 ratio of cAd3 vectors encoding theGPs fromZaire ebolavirus (EBOZ)
Mayinga28 and Sudan ebolavirus (SUDV) Gulu strains and was manu-
factured at 2 × 1011 PU/mL in formulation buffer. It was administered
intramuscularly in a 1mL volume at 2 × 1010 PU (EBO Low) or 2 × 1011 PU
(EBO High) doses. The shorthand term “cAd3-Ebola” is used to indicate
administration of either cAd3-EBO or cAd3-EBOZ.

MVA-EbolaZ was manufactured at IDT Biologika GmbH, Dessau,
Germany under contract to Advent S.r.l, Pomezia, Italy (a subsidiary of
Okairos S.r.l.) and managed by VCMP. MVA-EbolaZ consisted of the
attenuated Modified Vaccinia Ankara (MVA) vector modified to express
GP from Zaire ebolavirus (EBOV). The vaccine was formulated at 3.2 × 108

PFU/mLandwas administered in a 0.3mLvolume for afinal dose of 1 × 108

PFU unless noted otherwise. All study vaccines were manufactured under
Good Manufacturing Practices.

Study procedures
In Trial US, to test the safety of MVA-EbolaZ alone or as a boost, EVD
vaccine-naïve participants received MVA-EbolaZ at either 1 × 107 PFU
(MVALow)or 1 × 108 PFU (MVAHigh) (Fig. 1, SupplementaryTable 1).A
third group of naïve participants received a bivalent vaccine prime of cAd3-
EBO at 2 × 1011 PU, followed by a boost of MVA-EbolaZ 6–11 weeks later
(EBO High (short)). All participants with prior cAd3-Ebola vaccination
(EBOZ Low/High or bivalent EBO Low/High (NCT02231866)) received
MVA-EbolaZ12-52weeks following their cAd3-Ebola prime dose.A subset
of three participants who received cAd3-EBO High in NCT02231866 had
previouslyparticipated in a trial in 2008-2009, inwhich theywere exposed to
a DNA Ebola vaccine (NCT00605514). Two of these participants were also
boosted with MVA-EbolaZ in Trial US and are designated (DNA): EBO
High (Fig. 1).

In Trial UG, participants were primedwith cAd3-EBOor cAd3-EBOZ
at one of two doses (Fig. 1, Supplementary Table 1). Naïve participants were
randomized into four groups to receive EBOZ Low, EBOZHigh, EBO Low
or EBOHigh. Participants previously vaccinated with DNA Ebola in 2009-
2010 (NCT00997607) were randomized into two groups and given either
EBO Low ((DNA): EBO Low) or EBO High ((DNA): EBO High). In total,
60–78% of cAd3-Ebola-primed participants per group who had completed
at least 36weeks of follow-upwere successfully retained to receive theMVA-
EbolaZ boost.

All study injectionswere administered intramuscularly into the deltoid
muscle byneedle and syringe. Safetymonitoring includeda 30-minute post-
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vaccination monitoring period and clinical and laboratory evaluations at
protocol-specified follow-up visits. Participants reported solicited reacto-
genicity for the first week following each vaccination. Adverse events (AEs)
were collected for the first 28 days after each vaccination, while serious
adverse events (SAEs) and new chronic medical conditions were recorded
throughout the trial.

Serum and peripheral blood mononuclear cell samples were collected
at protocol-specified timepoints for immunogenicity analysis of vaccine-
induced antibody and T cell responses.

Outcomes
The primary objectives were to evaluate the safety and tolerability of cAd3-
Ebola and MVA-EbolaZ vaccines when administered alone or as a prime-
boost regimen. The secondary objectives were to investigate vaccine-
induced antibody responses and T cell responses for each vaccine/dose
combination, cAd3 neutralizing antibody titers, and the priming effect of a
prior Ebola DNA vaccine exposure.

Assessment of EBOLA EBOZ GP-Specific response by ELISA
EBOZ and SUDV GP-specific serum IgG antibody titers were assessed by
enzyme-linked immunosorbent assay (ELISA) as previously described36,
with the following modification: prepared lectin plates were incubated at
4 °C overnight with a transmembrane deleted form of the EBOZ GP
Mayinga strain (Mayinga 1976, GenBank - U31033) or SUDV GP Gulu
strain (Uganda 2000, GenBank – AAP88031). Serum samples were run in
triplicate. Results were expressed as 90% effective concentration (EC90)
titers, reciprocal serum dilution values that represent the dilution at which
there is a 90%decrease in antigenbinding activity.All post-vaccination titers
have been baseline-subtracted from the matched pre-vaccination titer.
Titers below the assay limit of detection were imputed to 0.1 for statistical
analysis, but where individual data points are shown, below the limit of
detection samples are graphed at log(0).

Assessment of EBOZ GP-specific T cell responses by ICS assay
Vaccine-induced T cell responses were evaluated by a qualified intracellular
cytokine staining (ICS) as previously described37. In this assay, cryopre-
served peripheral-bloodmononuclear cells (PBMCs) were stimulated in an
antigen-specific manner with overlapping 15-mer peptide pools, over-
lapping by 11 amino acids, thatmatched either vaccine inserts for the EBOZ
GP or SUDV Gulu GP to assess memory T cell responses at week 4 after
immunization. Responding T cells were identified by production of IFN-γ,
TNF-α, and/or IL-2 after peptide stimulation, corrected for background
cytokine production in the absence of peptide stimulation. Memory CD4
and CD8 T cells were identified based on the expression of CD45RA and
CD28. Percentages of background-subtracted memory CD4 and CD8
T cells were reported for each sample, assayed without technical replicates.

cAd3 serologic assessment
Adenovirus serum neutralization assays were performed to assess neu-
tralizing antibody titers at baseline and at 4 weeks post-vaccination against
the cAd3 vector as previously described38. Briefly, threefold serially diluted
participant serum were added to plates without technical replicates before
additionofA549cells andE1-deleted replication-incompetent recombinant
cAd3-luciferase reporter viruses for a final in-well dilution range from 1:12
to 1:8748. Reciprocal antibody titers are reported as the 90% inhibitory
concentration (IC90; the titer at which 90% of virus infectivity is inhibited).

Statistical analysis
All participants were monitored for safety and reactogenicity. Participants
were included in analyses for vaccine-induced antibody andT cell responses
after eachvaccination received; participantswere not included in post-boost
immunogenicity analyses unless boosted. Primary sample size calculations
for safety were expressed in terms of the ability to detect SAEs. For Trial US,
within eachgroupof 10participants, the probability of observing at least one
SAE is at least 90% if the true rate of at least one SAE is 0·206 and over 90%

probability to observe no SAE if the true rate is no more than 0·01; for
participants who received MVA-EbolaZ, there is over 90% chance to
observe at least one SAE if the true rate is no less than 0·001 and over 90%
chance of observing no SAE if the true rate is no more than 0·023 given the
number of vaccinees is 100. For Trial UG, Clopper-Pearson 95% confidence
intervals (CIs) for the true rate of at least one event for a sample size of 15
were determined; if one safety event occurred, then the upper limit of 95%
CI would be 32·0 and the lower limit 0·2.

For humoral immune responses, comparisons between the groups at
weeks 4, 24, and 48 post-prime vaccination were performed by Wilcoxon
rank-sum test. Vaccine-induced antibody responses were reported as geo-
metric mean of baseline subtracted EBOZ or SUDVGP-specific EC90 titers
with 95%CIs at each study visit post-prime and post-boost. Paired t test was
performed to compare log-transformedbaseline titerswith log-transformed
titers at week 48 post-infection.

For cell-mediated immune responses, background-subtracted per-
centages of EBOZ- or SUDV-specific CD4 and CD8 memory T cells were
compared between baseline and four weeks after prime and between
baseline (at the timeof theboost) and fourweeks post-boost usingWilcoxon
signed rank test; median and interquartile ranges were also reported. Cor-
relations in the exploratory analyses were computed using Spearman’s rank
order correlations test to understand the impact of the prime-boost interval
onmemory T cell and antibody responses in the US cohort. To assess if the
antibody responses against cAd3-Ebola vaccines differed by vaccine
valency, a two-sample t test was applied within each dose group. Only
groups EBO Low and EBO High from Trial US were included in the latter
analysis due to paucity of data from the other Trial US groups.

Geometric Mean titers and 95% CIs were calculated for neutralizing
antibody responses to the cAd3 vector. All analyses were two-sided and
performed using R software (version 4.1.3).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
The datasets and any unique materials used and/or analyzed during the
current study available from the corresponding author on a reasonable
request. The studyprotocols, statistical analysis plans, and informed consent
forms are available in the Supplementary Appendices.
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