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A Phase 1 randomized trial of homologous
and heterologous filovirus vaccines with a
late booster dose
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Filoviruses, including Ebola, Marburg, Sudan, and Taï Forest viruses, are zoonotic pathogens that can
cause severe viral hemorrhagic fever and death. Developing vaccines that provide durable, broad
immunity against multiple filoviruses is a high global health priority. In this Phase 1 trial, we enrolled 60
healthy U.S. adults and evaluated the safety, reactogenicity and immunogenicity of homologous and
heterologous MVA-BN®-Filo and Ad26.ZEBOV prime-boost schedules followed in select arms by
MVA-BN®-Filo boost at 1 year (NCT02891980). We found that all vaccine regimens had acceptable
safety and reactogenicity. The heterologous prime-boost strategy elicited superior Ebola binding and
neutralizing antibody, antibody-dependent cellular cytotoxicity (ADCC), and cellular responses
compared to homologous prime-boost. The MVA-BN®-Filo boost administered at 1 year resulted in
robust humoral and cellular responses that persisted through 6-month follow-up. Overall, our data
demonstrated that a heterologous Ad26.ZEBOV/MVA-BN®-Filo prime-boost was safe and
immunogenic and established immunologic memory primed to respond after re-exposure.
Clinicaltrials.gov, NCT02891980, registered September 1, 2016.

The filovirus family contains multiple zoonotic viruses (e.g., Ebola virus
(EBOV), Sudan virus (SUDV), Marburg virus (MARV), Taï Forest virus
(TAFV), Bundibugyo virus, Ravn virus) that have been associated with
sporadic human cases or outbreaks of severe hemorrhagic fever with high
case fatality rates1. Outbreaks of Ebola Virus Disease (EVD) have occurred

almost yearly since 1994. The largest outbreak betweenDecember 2013 and
June 20162 involved predominantly Guinea, Sierra Leone, and Liberia with
over 28,652 cases and 11,325 deaths3,4. Subsequent filovirus cases have
included a large outbreak of EVD in 2018-2020, and smaller sporadic
outbreaks of SUDV1 andMARV5.Most recently, an outbreak ofMARVhas
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been reported in Rwanda with 66 illnesses and 15 deaths as of Novem-
ber 20246.

The development of vaccines that elicit durable immune responses
across the breadth of multiple filoviruses is a high global public health
priority. The recombinant vesicular stomatitis virus–Zaire Ebola virus
(rVSV-EBOV) vaccine (ERVEBO®) is the only Ebola vaccine approved in
theU.S. basedonclinical efficacy, but its ability to cross-protect against other
filoviruses (e.g., SUDV, MARV) remains doubtful7,8. One of the leading
vaccination strategies attempting to generate a broader immunological
response to the filovirus family utilizes a heterologous two-dose vaccination
strategy involving an adenovirus 26-vectored vaccine expressing Ebola
glycoprotein (GP) (Ad26.ZEBOV) followed 8 weeks later by a modified
vaccinia Ankara-vectored vaccine expressing GPs from EBOV, SUDV, and
MARV (Supplementary Fig. 1), and the nucleoprotein from TAFV (Sup-
plementary Fig. 2) (MVA-BN-Filo). The GPs are predominant immuno-
gens capable of inducing filovirus-specific antibody responses9, while the
nucleoprotein harbors highly conservedfilovirusT-cell epitopes and is a key
driver of T-cell responses following filovirus natural infection10. This vac-
cination regimen is approved by the European Medicines Agency for the
prevention of EBOV and has the potential to elicit humoral responses
against the glycoproteins of three major filoviruses and provide cross-
protective cellular immunity11. This approach has been well tolerated and
immunogenic in Phase 1 and 2 clinical trials, including in HIV-infected
patients, children, and adolescents12–17. It offers multiple possible advan-
tages, including filovirus multivalency, replication deficiency (eliminating
vaccine shedding concerns) andmultiple storage options. Common adverse
effects of MVA-BN-Filo and Ad26.ZEBOV observed in clinical trials
included fatigue, headache, myalgias, arthralgias, and injection site
reactions18,19.

The objectives of this study were to evaluate the safety, reactogenicity,
and immunogenicity of ahomologous orheterologousprime-boost seriesof
Ad26.ZEBOV andMVA-BN-Filo given 4 weeks apart, followed in selected
arms by a boost at 1 year with MVA-BN-Filo. Since the correlates of pro-
tection against filoviruses are incompletely understood, we sought to eval-
uate multiple aspects of the immune response including binding,
neutralizing and functional antibody-dependent cellular cytotoxicity
(ADCC) responses, plasmablast responses, and T cell responses after
Ad26.ZEBOV and MVA-BN-Filo vaccination. In addition, we sought to
utilize systems vaccinology20,21 approaches to identify gene expression bio-
markers that may predict vaccine immunogenicity.

Results
Study participants
From April 11, 2017 to September 25, 2017, 116 individuals were screened
for the study at a single U.S. site (Emory University, Atlanta, GA) and 65
were enrolled into one of four Study Arms (Fig. 1). Someminor imbalances
were noted in the allocations for attributes that were not included in
enrollment stratification (e.g., predominance of females in Arm 1). The
participants had amean age of 27.8 years [standard deviation (SD) 5.7] and
were of predominantly white race (80.0%) and non-Hispanic ethnicity
(88.0%) (Table 1). Seven individuals discontinued vaccinations during the
study: one fromStudyArm1, three in StudyArm3, and three in StudyArm
4. Ten individuals terminated the study early, of whom six were due to lost
follow-up (Fig. 1). The trial completed on March 21, 2019.

Vaccine reactogenicity & safety
Local solicited adverse events (AE) occurred in nearly all participants
(95.0%), and in all participants who received at least one dose ofMVA-BN-
Filo (Supplementary Table 1, Fig. 2). Systemic solicited AEs occurred in
87.7% of participants ranging from 82.4% to 93.3% across Study Arms. The
most frequent local and systemic solicited AEs across all treatment arms
were injection site pain (95.4%), tenderness (90.8%), malaise (76.9%), fati-
gue (75.4%), myalgias (64.6%), and headache (61.5%) (Supplementary
Table 2, Fig. 2).Most events weremild tomoderate in severity and occurred
within the first 1–3 days after vaccination; however, severe reactions were
observed in three participants (19.0%) in Study Arm 1 (elevated oral tem-
perature post-dose 1, feverishness, nausea, tenderness at injection site post-
dose 2), one participant (6.0%) in Study Arm 3 (elevated oral temperature
post-dose 1), and two participants (12%) in Study Arm 4 (elevated oral
temperature, feverishness post-dose 1) (Fig. 2).No severe reactogenicitywas
observed after the third dose in any of the Study Arms (Fig. 2).

Unsolicited AEs after any dose that were considered related to the
vaccine occurred in nine (13.8%) participants. These occurred most fre-
quently in Study Arm 1 (25%) and Study Arm 4 (17.6%) (Supplementary
Table 3, Supplementary Fig. 3).Most weremild tomoderate in severity. A
single severe unsolicitedAE of positional lightheadedness occurred 2 days
after the second dose in a Study Arm 1 participant; the event was con-
sidered related to vaccination and lasted for 2 days. Other safety evalua-
tions, including vital signs (Supplementary Table 4) and laboratory
analyses (Supplementary Tables 5–7), are detailed in the Supplementary
Material.

Fig. 1 | CONSORT flow diagram. Planned enrollment was 60 with potential replacement of participants that did not receive the second dose. Final enrollment was 65 to
replace 5 participants who did not receive a second dose.
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Four participants experienced an AE that resulted in treatment with-
drawal or study discontinuation prior to the second study vaccination.
These included one unrelated serious adverse event (SAE) of abdominal
pain due to an ovarian cyst; one unrelated moderate viral upper respiratory
tract infection; one related severe lymphopeniaonDay15after primedosing
with MVA-BN-Filo in Study Arm 1; and one related moderate diastolic
hypertension on Day 28 after prime dosing with Ad26.ZEBOV in Study
Arm 4 (Fig. 1). No AEs of special interest were observed in the study. A
single SAE of abdominal pain was reported on Day 29 in a female partici-
pant in StudyArm3whichwas considered unrelated to vaccine and instead
due to a large ovarian cyst that required surgery. No pregnancies and no
deaths occurred during the study.

Immunogenicity outcomes
EBOV glycoprotein (GP) antibody responses: enzyme-linked
immunosorbent assay (ELISA) and virus neutralizing assay (VNA).
At baseline, EBOV-GP binding and pseudovirus neutralizing antibodies
were not detectable. In general, the peak EBOV ELISA and VNA geo-
metric mean (GM) antibody responses were highly correlated with one
another with Spearman correlation coefficients of 0.58, 0.91, and 0.84 for
peak post-first vaccination, peak post-second vaccination, and peak post-
third vaccination response, respectively (Supplementary Figs. 4–6). After
a single dose of vaccine, participants who received Ad26.ZEBOV (Study
Arms 3 and 4) achieved higher peak EBOV-GP ELISA and VNA anti-
body responses than thosewho first receivedMVA-BN-Filo (StudyArms
1 and 2) (ELISAGMT 507.5 vs. 62.3, p < 0.001; VNAGMT164.4 vs. 83.2,
p = 0.016) (Fig. 3, Supplementary Table 8). After the second dose of
vaccine, heterologous vaccine recipients (StudyArms 2 and 3) had higher
peak EBOV-GP ELISA and VNA antibody responses than homologous
recipients (Study Arms 1 and 4), with the greatest responses observed in
StudyArm2 (MVA-BN-Filo+Ad26.ZEBOV) (Supplementary Table 8).
The EBOV antibody responses in the MVA-BN-Filo homologous Study
Arm 1 declined back to baseline by 6 months after the second dose while

the Ad26.ZEBOV homologous Study Arm 4 remained stable from
1 month after the second dose through 12 months after the second dose.
The EBOV-GP ELISA and VNA antibody responses for Study Arm 4
were similar to those observed in the heterologous study arms (Study
Arms 2 and 3) at Days 209 and 365 (Fig. 3, Supplementary Tables 9, 10).

After receiving the third dose (i.e., anMVA-BN-Filo booster dose at 1
year), Study Arm 3 (Ad26.ZEBOV+MVA-BN-Filo+MVA-BN-Filo)
showed further increase in peak EBOV-GP ELISA responses compared to
peak post-dose 2 (p < 0.001), while Study Arm 2 (MVA-BN-Filo+
Ad26.ZEBOV+MVA-BN-Filo) did not (p = 0.894) (Fig. 3A, Supplemen-
tary Table 8). However, peak EBOV VNA geometric mean titers (GMT)
were greater for both arms 3 and 2 after the third dose than after the second
dose (p = 0.010 and p < 0.001, respectively), suggesting additional matura-
tion of the antibody responses with this late boost (Fig. 3B, Supplementary
Table 8). The peak EBOV VNA GMTs after the third vaccination did not
statistically differ between Study Arm 2 and Study Arm 3 (VNA GMTs
14,892.2 and 22,103.8, respectively, p = 0.120; Supplementary Table 8).
EBOV-GP ELISA and VNA antibody responses remained durable through
6 months after the third dose at levels that exceeded the Day 209 levels
(6 months after the second dose) (Fig. 3).

Antibody-dependent cellular cytotoxicity. An ADCC assay was
developed (Supplementary Methods, Supplementary Figs. 7, 8) to mea-
sure titers against EBOV, MARV, and SUDV GP. Detectable EBOV-GP
ADCC responses (i.e., exceeding baseline levels) were observed in over
75% of participants at Day 43 for the heterologous vaccine arms (Study
Arms 2 and 3), which persisted through 12-month follow-up (Supple-
mentary Table 11, Supplementary Fig. 9). Interestingly, in addition to the
heterologous vaccine arms, detectable EBOV-GP ADCC antibody titers
were also observed in about 40% of participants at Day 43 (Day 15 post-
second vaccination) and 70% of participants at Day 209 (6 months after
the second dose) in both homologous study arms (Study Arms 1 and 4)
with detectable antibodies persisting through 12-month follow-up.

Table 1 | Demographic Characteristics of Patients by Randomization Status

Variable Statistic Study Arm 1 (MVA-
BN+MVA-
BN) (N = 16)

Study Arm 2 (MVA-
BN+ Ad26+MVA-
BN) (N = 15)

Study Arm 3
(Ad26+MVA-
BN+MVA-BN) (N = 17)

Study Arm 4
(Ad26+Ad26)
(N = 17)

All
Participants
(N = 65)

Age (Years) Mean 25.3 27.8 30.3 27.5 27.8

Standard Deviation 5.1 6.0 5.5 5.6 5.7

Median 25 26 30 27 27

IQR 21.5–27 23–32 26–34 23–29 23–31

BMI (kg/m2) Mean 23.6 24.6 25.6 24.9 24.7

Standard Deviation 3.5 4.6 4.6 4.2 4.2

Median 23.3 24.1 24.4 24.3 24.1

IQR 20.4–25.9 20.8–26.4 23.4–28.6 20.8–28.8 20.8–27.1

Variable Characteristic Study Arm 1 (MVA-
BN+MVA-BN)
(N = 16) n (%)

Study Arm 2 (MVA-
BN+ Ad26+MVA-BN)
(N = 15) n (%)

Study Arm 3
(Ad26+MVA-
BN+MVA-BN) (N = 17)
n (%)

Study Arm 4
(Ad26+Ad26)
(N = 17) n (%)

All Participants
(N = 65) n (%)

Sex Male 5 (31.3) 9 (60.0) 10 (58.8) 7 (41.2) 31 (47.7)

Female 11 (68.8) 6 (40.0) 7 (41.2) 10 (58.8) 34 (52.3)

Ethnicity Not Hispanic or
Latino

13 (81.3) 14 (93.3) 15 (88.2) 15 (88.2) 57 (87.7)

Hispanic or Latino 3 (18.8) 1 (6.7) 2 (11.8) 2 (11.8) 8 (12.3)

Race Asian - 4 (26.7) 1 (5.9) 2 (11.8) 7 (10.8)

Black or African
American

- - - 2 (11.8) 2 (3.1)

White 14 (87.5) 11 (73.3) 15 (88.2) 12 (70.6) 52 (80.0)

Multi-Racial 2 (12.5) - 1 (5.9) 1 (5.9) 4 (6.2)

N =Number of Participants in the Safety Population.
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EBOV-GP ADCC antibodies persisted in over two-thirds of participants
at Day 365. In Study Arms 2 and 3, all participants developed an EBOV-
GP ADCC response by 2 weeks after the third dose and these ADCC
antibodies remained detectable through 6 months after the third dose in
nearly all participants.

ADCC responses were detected in only a few participants against
MARV GP beginning at Day 209. Even after the third dose, only 31% of

participants in Study Arms 2 and 3 retained detectable responses at
6 months (Supplementary Table 11, Supplementary Fig. 9). Unlike the
responses to MARV, ADCC responses to SUDV-GP were detectable in
some participants by 2 weeks after the first dose, including in 17.6% of
participants in Study Arms 3 and 4 (received prime dose of Ad26.ZEBOV)
(Supplementary Table 11, Supplementary Fig. 9). Increases in those with
detectable SUDV-GPADCC response were observed after the third dose in

Fig. 2 | Frequency of subjects experiencing solicited adverse events by maximum
severity, by vaccine dose and Study Arm. Local and Systemic Reactions. Green,
mild severity; Blue,moderate; Yellow, severity. StudyArm1,MVA-BN+MVA-BN;

Study Arm 2, MVA-BN+Ad26+MVA-BN; Study Arm 3, Ad26+MVA-BN+
MVA-BN; Study Arm 4, Ad26+Ad26.
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Fig. 3 | Binding and neutralizing antibody responses against EBOVGP by Study
Day and Treatment Arm; Intent-to-Treat Analysis Population. A Enzyme-linked
immunosorbent assay (ELISA) Antibody Results (ELISA Units/mL) Against EBOV

GPby StudyVisitDay andTreatment Arm.BVirusNeutralizationAntibody (VNA)
Titer against EBOV GP by Study Day and Treatment Arm.
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Study Arms 2 and 3, and were maintained through 6 months follow-up in
23% and 31% of participants respectively.

Plasmablast responses. Frequencies of IgA and IgG secreting plas-
mablasts against EBOV-GP, SUDV-GP, and MARV-GP were similar
to baseline levels 7 days after the first and third doses of vaccine in all
Study Arms (Supplementary Table 12). After the second dose of vac-
cine, detectable plasmablast responses producing IgA and IgG against
EBOV GP were observed at Day 36 (Day 8 post-second vaccination)
only in Study Arm 2 participants (MVA-BN-Filo+Ad26.ZEBOV).
These EBOV-GP IgA and IgG plasmablast responses weakly corre-
lated with the peak anti-EBOV-GP ELISA antibody responses after the
second dose (Spearman correlation IgA 0.581, p = 0.023; IgG 0.568,
p = 0.047) and had a slightly weaker correlation with peak anti-EBOV-
GP VNA titers (IgA 0.472, p = 0.076; IgG 0.490, p = 0.064). Addi-
tionally, MARV or SUDV-GP plasmablast responses occurred in only
a few participants.

Tcell responses. The percentage of activated T cells (CD4+ andCD8+)
expressing select cytokines (IFN-γ, TNF-α, IL-2) following stimulation
with EBOV peptide pools was measured using intracellular cytokine
staining (ICS) (Supplementary Fig. 10). Normalized percent activation
values were compared to a cutoff to classify participants as positive or
negative responders at each post-vaccination day (Supplemental Mate-
rials). The maximum response across post-vaccination days following
each dose was used to classify participants as positive or negative
responders for each vaccination (Fig. 4, Supplementary Figs. 11–13). In
general, the percent positive responders for IFN-γ and IL-2 were greater
for CD8+ cells than for CD4+ T cells while the percent positive

responders for TNF-α responses for CD8+ and CD4+ T cells were
similar against EBOVGP antigen (Supplementary Fig. 14). IFN-γCD4+
and CD8+ percent activated cells were similar to baseline in all of the
study arms, although a few individuals in some of the study arms had
detectable responses. IL-2 CD8+ percent activated cells were present at
Day 209 for all study arms. Both heterologous boost vaccine StudyArms 2
and 3 achieved higher than baseline IL-2 CD8+ responses at Day 380
(Day 15 post-third dose) that remained present through the 6 months
after the third dose.

The greatest T cell responses, in terms of percent positive responders
based on percent activated T-cells and peak difference in percent activated
T-cells against EBOVGPantigen, wereTNF-αCD4+ andCD8+ responses
observed in the heterologous vaccine arms (Study Arms 2 and 3) following
the second and third vaccinations (SupplementaryTables 13, 14). TheTNF-
αCD4+peakpercent activated cells for StudyArm2were 0.035post-dose 2
and 0.025 post-dose 3,while TNF-αCD8+peak percent activated cells were
0.095 post-dose 2 and 0.068 post-dose 3. Study Arm 3 did not differ sig-
nificantly compared to Study Arm 2 (p > 0.05 for all comparisons), with
TNF-α CD4+ peak percent activated cells of 0.028 post-dose 2 and 0.024
post-dose 3; and TNF-α CD8+ peak percent activated cells of 0.043 post-
dose 2 and 0.243 post-dose 3.AtDay 366, all study arms except StudyArm1
(MVA-BN-Filo+MVA-BN-Filo) had higher than pre-vaccination TNF-α
CD4+T cell activation levels. Responses were observed by 2weeks after the
third dose.AtDay 546 (Day 181 post-third dose), TNF-αCD4+ andCD8+
percent activated cells after EBOV peptide pool stimulation in both het-
erologous study arms exceeded baseline levels and had greatest durability in
Study Arm 3.

The percent of activated T cells (CD4+ and CD8+) expressing certain
cytokines (IFN-γ, TNF-α, IL-2) were also assessed following stimulation

Fig. 4 | CD4+ and CD8+ EBOVT-cell responses induced by MVA-BN-Filo and
Ad26.ZEBOV vaccines. Figure shows percent positive responders based on percent
activated T-cells compared to pre-vaccination by Study Day, Cell Type, Cytokine,

and Treatment Group. INF-γ (top), TNF-α (middle), and L-2 (bottom) in
CD4+ (left) and CD8+ (right) cells following EBOV stimulation; Intent-to-Treat
Analysis Population. The error bars represent 95% confidence intervals.
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with MARV, SUDV, and TAFV peptide pools (Supplementary Tables
15–17, Supplementary Figs. 11–14). Detectable responses were most fre-
quently observed for TNF-α and IFN-γ. Following SUDV stimulation, the
IFN-γCD8+ peak response was higher after dose 2 in Study Arm2 (MVA-
BN-Filo+Ad26.ZEBOV) compared to Study Arm 1 (MVA-BN-Filo
+MVA-BN-Filo) (p = 0.009) and the IFN-γ CD4+ and CD8+, and the
TNF-α and IL-2 CD4+ peak responses were higher after dose 2 in Study
Arm 2 (MVA-BN-Filo+Ad26.ZEBOV) compared to Study Arm 4
(Ad26.ZEBOV+Ad26.ZEBOV) (p < 0.05 for all comparisons). Responses
were comparable between Study Arms 2 and 3 after the third dose. Fol-
lowingMARV stimulation, no differenceswere observedbetween the Study
Arms at any timepoint. After TAFV stimulation, the IFN-γ CD8+ peak
responses after the seconddose of vaccinewere greater for StudyArm1 than
Study Arm 3 (p = 0.012). No statistical differences were observed between
the Study Arms at any other timepoint across the cytokines tested.

Gene expression biomarkers predicting post-second vaccination
peak VNA antibody titer. To identify genes expressed in PBMCs that
predicted the magnitude of the log2 peak EBOV-GP VNA antibody titer
after the second vaccination, regularized logistic linear regressionmodels
were fit separately for gene expression log2 fold changes (LFC) observed
at Days 2, 4, 8, 15, and 29 after the first vaccination and for Days 2, 4, 8, 15
after the second vaccination. The models using gene expression LFC at
Days 8 post-first and post-second vaccination had the best predictive
performance. Both models selected 20 and 11 genes, respectively, and
selected multiple immunoglobulin-related genes (Supplementary Tables
18, 19, Fig. 5). Aside from the immunoglobulin signature, the top genes
selected by each model (in terms of the magnitude of the estimated
regression coefficient) included ENSG00000227827 (PKD1 pseudogene,
negatively correlated),RASD1 (positively correlated),RN7SL1 (positively
correlated), DOK7 (negatively correlated) at Day 8 post-first vaccination
andCAV1 (positively correlated),NCAPG (positively correlated),NR4A1
(negatively correlated), andCXCL8 (negatively correlated) at Day 8 post-
second vaccination (Fig. 5). The models using Day 2 post-first vaccina-
tion and Days 2 and 4 post-second vaccination (Days 30 and 32) also
selected predictive genes, but these fitted models had lower predictive
performance compared to the Day 8 models. However, IFI27 encoding
for Interferon alpha-inducible protein 27 was selected in all 3 of these
earlier response models. This gene is known to be activated by type-1
interferon signaling, has antiviral properties, and plays a role in apop-
tosis. IFI27’s association with peak EBOV-GP VNA antibody titer was
mixed. It was negatively associated at Day 2 post-first vaccination and
positively associated at Day 2 and Day 4 post-second vaccination (Sup-
plementary Tables 18, 19, Fig. 5).

Discussion
This Phase 1 randomized study compared homologous and heterologous
Ad26.ZEBOV and MVA-BN-Filo prime-boost strategies with an MVA-
BN-Filo booster dose at 1 year in heterologous study arms12,13,15–17,22. Overall,
the homologous and heterologous strategies were safe, withmostlymild-to-
moderate reactogenicity. Themost common adverse events were previously
reported18,19, and included pain and tenderness at the injection site, fatigue,
malaise, and myalgias. The resultant immune responses were dependent
upon the vaccination regimen. Peak EBOV-GPantibody responses after the
second dose were much greater with a heterologous boost approach in
comparison to a homologous approach13. The advantage of a heterologous
approach has been observed with other vaccine antigens and platforms23,
and may be attributable to stimulating different innate and adaptive
immune pathways24. Antibody responses (as measured by ELISA, VNA,
and ADCC for EBOV) were durable through 1 year after the first vacci-
nation, as has been observed by others for the heterologous study arms12,14,
and interestingly also for the homologous Ad26-ZEBOV arm. In contrast,
antibody responses to the homologousMVA-BN-Filo group rapidlywaned,
which has similarly been observed with mPox antibody responses to the
MVA-BN (Jynneos) two-dose vaccine series25. At 12 months, the MVA-

BN-Filo booster dose resulted in robust EBOVGPELISA responses in both
study arms. These antibodies remained at much higher titers through
6 months after the third dose than those observed at 6 months after the
second dose. Although correlates of protection for filoviruses are incom-
pletely understood, EBOV GP binding antibodies have been shown to
correlate with vaccine-induced protection against EBOV in animal
models26–28. Our study suggests that the heterologous two-dose series results
in establishment of robust immunological memory that is primed to
respond after re-exposure with filovirus antigens or the MVA-BN-Filo
vaccine.

Assessment of other components of the immunological response (e.g.,
ADCC, plasmablast, cell-mediated) provided additional novel insights.
Although others have published data using flow cytometry to assess cyto-
kinemarkers ofADCC responses29,30, we developed novel functionalADCC
assays for this study31 that we have also developed for other pathogens (e.g.,
SARS-CoV-2, influenza,Zika)32–35.ADCCresponses toEbolawere observed
in >75% of participants at Day 43 in the heterologous arms and these
generally persisted up to 1 year. After the late MVA-BN-Filo boost, ADCC
responses were observed in all participants within 2 weeks after boost that
persisted. ADCC responses to Sudan and Marburg glycoproteins were
present in a smaller percentage of participants, including in Study Arms 3
(Ad26.ZEBOV+MVA-BN-Filo+MVA-BN-Filo) and 4 (Ad26.ZEBOV
+Ad26.ZEBOV), which may have been attributable to cross-reactive anti-
bodies. AlthoughADCChas correlatedwith protection against a number of
other pathogens (e.g., HIV, influenza)36–40, the role of these Fc-effector
antibodies in protection against filoviruses remains uncertain. Although
others have observed robust antibody-secreting cell (ASC) responses with
Ebola infection or after VSVΔG-ZEBOV vaccination41,42, we observed
minimal ASC responses at 1 week after both vaccinations except after the
second vaccination in Study Arm 2 (MVA-BN-Filo+Ad26.ZEBOV) which
predicted the peak EBOV-GP ELISA result. Since the correlation was
modest and only present in a single arm, plasmablasts are likely not a high-
yield biomarker to predict ultimate EBOV serologic responses to the vac-
cines tested in this study.

In terms of cellular immunity, the greatest T cell responseswereTNF-α
CD4+ andCD8+ responses to EBOVobserved in the heterologous vaccine
arms following the second and third vaccinations, corroborating previous
findings of T cell immunity following heterologousAd26.ZEBOV+MVA-
BN-filo extending for at least 1 year following vaccination14. On Day 181
following the third dose, TNF-α CD4+ and CD8+ responses were most
frequent in Arm 3 (Ad26.ZEBOV+MVA-BN-Filo+MVA-BN-Filo)
across all antigens. Thus, this regimen elicited superior breadth and dur-
ability of T cell responses among the study arms.Although animal data have
supported the importance of antibody-mediated protection against Ebola in
studies with deoxyribonucleic acid (DNA) prime-adenovirus boost, Ebola
virus-like particles, vesicular stomatitis virus (VSV)-vectored, and parain-
fluenza virus-vectored vaccines27, a recombinant adenovirus serotype 5
(Ad5) EBOV vaccine protectedmacaques from infection primarily through
the activity of CD8+ T cell responses43. Acute protection from EBOV in
macaques was also elicited by a chimpanzee Ad3 vector EBOVvaccine, and
protection correlated with antibody responses, while long-term protection
in this study required functional CD8+ T cell responses and was enhanced
with a modified vaccinia Ankara (MVA) boost44. Therefore, there is cur-
rently evidence for antibody-mediated protection and for cell-mediated
protection against Ebola virus. Notably, in the patients cared for at Emory
University in 2014, the resolution of viremia correlated with the presence of
activated CD8+ T cells, which preceded detectable immunoglobulin (Ig) G
antibody responses42.

Regarding transcriptomic responses, after the second vaccination,
changes in gene expression in three genes (CXCL10, IDO1, CCL2) and one
gene (IFI27) at 1 and 3 days post vaccination, respectively, which are known
to be involved in cytokine production, interferon signaling, and T-cell
regulation, were identified as early gene expression signatures that predicted
themagnitudeof the log2 peakVNAtiter after the secondvaccination.CCL2
encodes themonocyte chemoattractant protein 1, which is known to recruit
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dendritic cells, monocytes, andmemory B-cells to the site of inflammation45.
CXCL10 encodes the Interferon gamma-induced protein 10 (IP-10) cyto-
kine,which is involved in chemoattractionofmonocytes, dendritic cells,NK-
cells, and T-cells46. IDO1 has been shown to induce T regulatory cell devel-
opment in vitro and negatively regulate T cell activation47. IFI27 which was
predictive at Day 4 is known to be activated by type-1 interferon signaling,
has antiviral properties and plays a role in apoptosis. It has been linked with
severity of COVID-19, indicating a key role in early infection48. Thus, our
analysis showed that important transcriptome biomarkers were identified as
early as 24 h after vaccination and that these biomarkersmay play important
roles in regulating innate and adaptive immune signaling/processes.

Important limitations to these data include that the study was con-
ducted in healthy adults which may limit generalizability, although others

have now assessed this approach in children, adolescents, andHIV-infected
patients15,16. The study was relatively small which limits precision and the
ability to assess for rare side effects (e.g., thrombosiswith thrombocytopenia
syndrome observed after receipt of Ad26-vectored COVID-19 vaccination,
neurological events observed in the Phase 2, myocarditis which can occur
withMVA), although no similar events were observed12,49. Immunogenicity
was assessed using established EBOV-GP ELISA and VNA assays, but
standardized ELISA and VNA antibody assays were not available against
other filoviruses (e.g., MARV, SUDV, TAFV) at the time the study was
conducted, limiting the ability to assess for the breadth of cross-reactive
antibodies elicited to filovirus GPs. ADCC and plasmablast assays were
based on the GP antigen and were not measured for TAFV. CMI assess-
ments utilized ICS and flow cytometry rather than ELISpot assessments of
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IFN-γ which other groups have utilized13,14, and memory T and B cell
responses were not measured. No correlate of protection has been defini-
tively established for filoviruses, and this study did not evaluate vaccine
efficacy. Finally, a late boost was only performed with MVA-BN-Filo and
late boostingof vaccine recipients ofhomologous strainswasnotperformed.

In conclusion, this study of Ad26.ZEBOV andMVA-BN-Filo vaccines
demonstrated that the heterologous vaccination strategy with delayed
MVA-BN-Filo boost was safe with acceptable reactogenicity and resulted in
robust EBOV GP ELISA and VNA antibody responses. Additionally,
ADCC and cellular immune responses were observed, particularly in het-
erologous vaccine recipients. The detection of transcriptomic activation of
cellular pathways that correlatedwith the peakVNAantibody titers after the
second vaccination provides potential novel insights for understanding the
gene activation associated with subsequent immunological responses. Such
immunological and gene activation data could help identify new correlates
of protection and disease. The heterologous vaccination strategy could be
particularly effective in countries in which emergence and reemergence of
anyviruses fromwithin thefilovirus family couldoccur, as it couldprime the
immune system for a robust response to an MVA-BN-Filo booster admi-
nistered in the time of need.

Online methods
Trial design and participants
This study was reviewed and approved by the Emory University Institu-
tional Review Board (IRB00087894) and all participants provided written
informed consent. TheNCT number was NCT02891980, “A Safety Trial to
TestMVA-BN(R)-Filo andAd26.ZEBOVVaccines inHealthyVolunteers,”
registered September 1, 2016. This was a Phase 1, double-blinded rando-
mized trial to evaluate the safety and immunogenicity of two heterologous
and two homologous prime-boost regimens using MVA-BN®-Filo and
Ad26.ZEBOV administered in different sequences at Days 1 and 29 in
healthy adult participants aged 18–45 years. The two heterologous prime-
boost arms (Study Arms 2 and 3) also received a late MVA-BN®-Filo boost
at Day 366. Participants and study staff were blinded to a participant’s study
vaccine assignment within study vaccination schedule (e.g., enrollment into
Study Arm 1 or 4 versus 2 or 3 was known). Participants randomized to
Study Arms 1 and 4 (2-dose schedule) were followed through ~12 months
after the first study vaccination, while those randomized to Groups 2 and 3
(3-dose schedule) continued follow-up through ~18 months after the first
study vaccination (6 months after the third study vaccination). This study
planned for 60 participants to be randomized 1:1:1:1 to one of four Study
Arms (i.e., 15 per arm), but participants who did not receive the second
study product dose were replaced.

A thorough medical history, physical examination, an electro-
cardiogram (ECG), and laboratory tests were obtained at screening.
Enrollment criteria included healthy adult participants aged ≥18 to ≤45
years without a history of Ebola disease, exposure to Ebola or prior vacci-
nation with an Ebola vaccine, and receipt of any Ad26-based vaccine or
vaccinia (smallpox)-based vaccine. See Supplementary Methods for addi-
tional information. Participants were followed as per their randomization
assignment.

Study product and administration
MVA-BN®-Filo dose was administered at 1 × 108 international units (IU)
per dose as a 0.5mL intramuscular (IM) injection in the deltoid, and the
Ad26.ZEBOV dose was administered at 5 × 1010 virus particles (VP) per
dose as a 0.5 mL IM injection in the deltoid. The Adenovirus 26-vectored
vaccine (Ad26.ZEBOV) expresses the EBOV glycoprotein, while the
modified vaccinia Ankara-vectored vaccine expresses glycoproteins from
EBOV, SUDV, and MARV, and the nucleoprotein from Taï Forest virus
(MVA-BN-Filo).

Data collection
The occurrence of solicited injection site and systemic reactogenicity events
was measured from the time of study vaccination through Day 8 after each

vaccination. Unsolicited AEs were collected from vaccination through Day
29 after each vaccination. SAEs, AEs of special interest (AESIs), and AEs
related to blood draws were collected from enrollment through the end of
the study.

Assessment of responses
The study included phlebotomy for transcriptomics prior to each dose of
vaccine (Day 1), and Days 2, 4, 8, 15, and 29 after each dose of vaccine.
Plasmablast responses were obtained prior to each vaccination (Day 1) and
Day 8 after each dose of vaccine. Serology and cellular responses were
obtainedprior to eachdose of vaccine (Day1), and atDays 8, 15, and29 after
each vaccination. Durability data was obtained at 6 and 11months after the
second dose in all participants and at 6months after the third dose in Study
Arms 2 and 3.

Binding and neutralizing antibody responses
Antibody responses were assessed using anti-EBOV-GP (Kikwit) IgG
enzyme-linked immunosorbent assay (ELISA) (measured in ELISA Units
(EU) per mL) at Battelle, Columbus, Ohio as previously described50. The
EBOV GP (Makona) pseudovirus viral neutralization assay (VNA) (mea-
sured in IC50 titers) was performed at Monogram Biosciences, Inc, San
Francisco, CA as previously described28. Briefly, EBOV GP pseudoviruses
were generated using a replication defective retroviral vector containing a
luciferase reporter gene. Pseudoviruses were incubated with serial dilutions
of participant sera and used to infect humab embryonic kidney (HEK) 293
cell cultures. Luciferase activity wasmeasured at ~72 h postviral inoculation
to determine serumneutralizing antibody titers. Thesewere summarized on
a per-visit, fold change (relative to pre-vaccination), and peak response level
following first, second, and third vaccination (as applicable).

Antibody-dependent cell-mediated cytotoxicity (ADCC)
responses
To measure ADCC responses, dual-reporter target cell lines with
tetracycline-inducible expression of green fluorescent protein, luciferase,
and individual filovirus GPs (EBOV, SUDV, MARV, TAFV) were gener-
ated as previously described for other pathogens (Supplementary
Methods)32. The effector cells for the assay were CD16-176V-NK-92 cells
(obtained from Fox Chase Cancer Center, Philadelphia, PA) which have
high surface expression of CD16. These cells were maintained in Mylocult
media supplemented with 200 IU/mL of recombinant human IL-2 (R&D
Systems, Minneapolis, MN).

To performADCCassays, serum sampleswere serially diluted 1:3with
a startingdilutionof 1:20. Serumwasmixedwith target cells andNKeffector
cells with an effector:target (E:T) ratio of 2:1 and incubated for 4 h at 37 °C.
Following incubation, Britelite Plus luciferase reagent (PerkinElmer) was
added andRelative luminescence units (RLUs) were read on a luminometer
(TopCount NXT Luminescence Counter). To calculate the percent ADCC,
we determined the percent lysis of target cells using the following formula:
ADCC (%) = [RLU × (no antibody)−RLU (with antibody)]/RLU (no
antibody)] × 100. The endpoint ADCC titer was defined as the highest
serum dilution at which >24% ADCC was observed for a given sample.

Plasmablast responses
To measure total and Ebola-specific (EBOV GP, SUDV GP, MARV GP)
plasmablast responses, an ELISpot assay was implemented as previously
described8,51. Briefly, 96-well ELISpot plates (EMDMillipore, Billerica,MA)
were coated with 100 μl of either polyclonal coating antibodies (goat anti-
human IgA+ IgG+ IgM (H+ L), 10 μg/ml, Jackson Immuno Research,
West Grove, PA), or with 3.0 μg/ml of recombinant EBOV GP, SUDVGP,
or MARV GP (IBT Bioservices, Gaithersburg, MD) and incubated at 4 °C
overnight. Plates were blocked with RPMI media (Cellgro, Manassas, VA)
supplemented with 10% heat inactivated fetal bovine serum (Sigma-
Aldrich, St. Louis, MO) for 2 h at 37 °C. Following washing, freshly isolated
PBMCs (5 × 105 cells per well), were added to thewells and plates incubated
overnight at 37 °C in 5% CO2. Following incubation, plates were washed
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four times with phosphate buffered saline (PBS) and four times with PBS
supplemented with 0.05% Tween 20 (PBS-T). Subsequently, 100 μl of
1:1000 diluted biotin-conjugated donkey anti-human IgG and goat anti-
human IgA and IgM (Jackson)were added to eachwell andplates incubated
at room temperature for 2 h. Following another washing with PBS-T/PBS,
plates were incubated with 100 μl of 1:1000 diluted horseradish peroxidase
conjugated avidin D (Vector Laboratories, Burlingame, CA) for 1 h at RT.
Plates were thoroughly washed and the reaction was developed with the
addition of 100 μl/well of AEC Substrate (BD Biosciences, San Diego, CA).
Reactions were allowed to develop at RT and stopped, when spots became
visible in the wells with highest density of the cells (generally 5–8min), by
discarding the reaction mix and washing the plates under running cold
water. Plates were allowed to dry and were read in an ELISpot reader (CTL,
Shaker Height, OH). Final data was calculated as antibody secreting cells
(ASC) per million PBMC.

Cellular responses by Intracellular cytokine staining (ICS)
ICS of PBMCs collected at various time points (pre-vaccination and post-
vaccination) were assessed for the production of interferon-γ (IFN-γ),
tumor necrosis factor α (TNF-α), and interleukin-2 (IL-2) from T cells
stimulatedwith antigen-specific peptide pools. Customized peptide pools of
Ebola virus Glycoprotein (EBOV GP, Zaire Mayinga strain, GenBank #
AF086833.2), Sudan virus Glycoprotein (SUDV GP, Sudan Gulu strain,
Genbank # AY729654), Marburgvirus Glycoprotein (MARV GP, Mar-
burgvirus Musoke strain, GenBank # DQ217792.1) and Taï Forest virus
Nucleoprotein (TAF NP, Taï Forest ebolavirus, GenBank # KU182910.1),
were synthesized by Genescript. Each pool had 40 peptides, which are each
15 amino acids with overlapping by 11 amino acids.

Detailed methods are described in Supplementary Methods. Briefly,
PBMCs were thawed and incubated with peptide pools for 6 h in the pre-
sence of Brefeldin A (BD Bioscience, Cat # 555028). The final peptide
concentration was 2 μg/mL for each peptide. Stimulated cells with Sta-
phylococcal Enterotoxin B (SEB) or DMSO (peptide diluent) was used as a
positive or negative control, respectively. Then, cells were washed and
stained with viability dye (Zombie aqua, BioLegend, Cat # 423102). Next,
cells were surface stained with BV605-CD3 (HIT3a, BD Bioscience, Cat #
5647120), eFluor 450-CD4 (OKT-4, eBioscience, Cat# 48-0048-42), APC-
Cy7-CD8 (RPA-T8, BD Bioscience, Cat # 557760), PE-CF594-CCR7
(150503, BD Bioscience, Cat # 562381), and PE-Cy7-CD45RA (HI100, BD
Bioscience, Cat# 560675) for 30 minites at 4 °C, followed by permeabiliza-
tion using Cytofix/Cytoperm (BD Bioscience, Cat # 555028). To quantify
cytokines, PE-IFN-γ (4S.B3, BioLegend, Cat # 502509), FITC-IL-2 (MQ1-
17H12, BioLegend, Cat # 500304), and Alexa 647-TNF-α (MAb11, Bio-
Legend, Cat # 502916) were used. Fluorescence intensity was measured
using an LSRII cytometer (BD Biosciences) and a Symphony A5 (BD
Biosciences). Data analysis was performed using FlowJo software (Tree
Star). Samples were classified as positive or negative for a given cytokine
based on pre-defined cut-off values established by the laboratory.

Transcriptomics
For transcriptomics, a single aliquot per time point and subject was ana-
lyzed. PBMCs were lysed in Buffer RLT (Qiagen) containing 1%
b-mercaptoethanol and stored at −70 °C for later extraction. RNA was
isolated from each sample using the RNeasy Mini kit (Qiagen) with on-
column DNase digestion at the Emory Transcriptomics Core. RNA quality
was assessedusing anAgilent Bioanalyzer and 500 ng of total RNAwas used
as input for library preparation using the TruSeq mRNA Stranded Kit
(Illumina) according to the manufacturer’s instructions. As an internal
control, an ERCC ExFold RNA Spike-In Mix (ThermoFisher) was also
added to each samplewell according tomanufacturer instructions. Libraries
were validated by capillary electrophoresis on an Agilent 4200 TapeStation,
pooled at equimolar concentrations, and sequenced on an Illumina
HiSeq3000at 100SR, yielding25–30million readsper sample.All readswere
extracted using standard Illumina sequencing demultiplexing (bcl2fastq)
with no processing, filtering, or cleaning.

Statistical analyses
Sample size. The sample size for this study was selected to obtain pre-
liminary estimates of vaccine safety and immunogenicity in a time sen-
sitive manner. The study was not designed to test a specific null
hypothesis.

ELISA and neutralizing antibody analyses. For each study arm and
analysis population, titers or ELISA units/mL results and fold changes for
applicable study visits were summarized by tabulating the number of
observations, geometric mean, and 95%CI of the geometric mean (based
on Student’s t-distribution), geometric standard deviation, median, first
and third quartile, minimum, and maximum. In addition, peak titers
were compared in a pairwise fashion between the four study arms using a
two-sided Welch’s t-test.

The estimate of the population mean difference in log2 peak value
following each vaccination and the associated two-sided 95% confidence
intervals (CI) for each comparison were calculated using the
Welch–Satterthwaite method. The difference was also presented on the
original scale representing the ratio of the geometric means and associated
95%CI.Toassess if the third vaccinedose for StudyArms2 and3 resulted in
statistically significantly increased or decreased peak values following third
vaccination, a two-sided paired t-test was used to compare mean log2 peak
values post third and post second vaccination within Study Arms 2 and 3.

Antibody-dependent cellular cytotoxicity analyses. Prior to analysis,
ADCC titers that were negative (titer < 1:20) were assigned a titer of one
half the lowest dilution (i.e., 1:10). Post-vaccination samples for parti-
cipants that were negative, i.e., had a titer below 1:20 at baseline were
classified as positive if the respective post-vaccination day sample was
positive, i.e., had a titer greater than or equal to 1:20. Post-vaccination
samples for participants that were positive at baseline were classified as
positive if the respective post-vaccination showed ≥4-fold increase
compared to pre-first vaccination (Day 1). For each analysis population
(ITT and PP), ADCC titer fold change compared to pre-vaccination was
summarized using descriptive statistics (Minimum, Q1, Median, 95% CI
of the median, Q3, and Maximum) by study arm and post-vaccination
time point. The non-parametric bootstrap method with 1,000 bootstrap
replicates was used to obtain 95% CIs of the median for each treatment
arm and study visit combination. In addition, positive response on a per-
visit basis was summarized using n/NNM (%) and associated Clopper-
Pearson 95% CIs where n represented the number of participants who
had a positive response at the visit and NNM represented the number of
participants for that particular study visit and treatment combination
with non-missing laboratory results.

For each participant, peak ADCC fold change response following first
vaccination was defined as themaximumpost-first vaccination fold change
(for Days 15 and 29 relative to post-first vaccination) compared to pre-first
vaccination (Day 1). For each participant, peakADCC fold change response
following second vaccination was defined as the maximum fold change
post-second vaccination (for Days 15, 29, and 181 post-second vaccination
and Day 366 post-first vaccination) compared to pre-first vaccination (Day
1). For each participant in Study Arms 2 and 3, peak ADCC fold change
response following third vaccination was defined as the maximum fold
change post-third vaccination (for Days 15, 29, and 181 post-third vacci-
nation) compared to pre-first vaccination (Day 1). A two-sided Wilcoxon
Rank-Sum test (normal approximation) was applied to assess difference in
peak ADCC titer fold change compared to pre-vaccination between treat-
ment arms for each analysis population and dose. Results were summarized
using the number of participants in each arm, medians of the peak fold
change response for each arm, the Wilcoxon Rank-Sum test statistic and p
value. In addition, peak positive response (the number of participants who
had a positive response at any point in the postvaccination period) was
compared in a pairwise fashion between study arms using a two-sided
Fisher’s exact test. Resultswere summarized using n/NNM(%),OddsRatio,
and P value where n represented the number of participants who had a
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positive response andNNMrepresented the number of participants for that
particular peak response and treatment comparison with non-missing
laboratory results.

Cell-mediated immunity treatment arm comparisons. Additional
summaries of this data for the exploratory endpoint included the com-
parison of the peak difference in the percentage of activated T cells post-
first, post-second, and post-third vaccination. A two-sided Wilcoxon
Rank-Sum test (normal approximation) was used to assess the statistical
significance of applicable pairwise study arm comparisons. Results were
summarized using the number of participants in each arm, medians of
the peak response for each arm, theWilcoxonRank-Sum test statistic and
p value. In addition, peak positive response (the number of participants
who had a positive response at any point in the post-vaccination period)
was compared in a pairwise fashion between study arms using a two-
sided Fisher’s exact test.

Results were summarized using n/NNM (%), Odds Ratio, and p value
whereNNMrepresented the number of participants for that particular peak
response and treatment comparison with non-missing laboratory results.

Plasmablast analysis. Prior to analysis, technical replicates were
aggregated using the mean. The lower limit of detection (LOD) was
specified as 7 cells per million. The upper limit of quantification (ULOQ)
was specified as 85 cells per million. Results for cell populations that were
below the LODwere imputed using 0.5 x LOD = 3.5 cells permillion. Cell
populations too numerous to count were imputed using the
2 × ULOQ = 170 cells per million. Analysis was performed for the
exploratory plasmablast analysis population. The number of secreting
plasmablast cells per million and fold change relative to pre-vaccination
were summarized for each antibody type and Ebolavirus GP antigen,
applicable timepoint, and study arm using the minimum, 25th percentile
(Q1), median, 95% CI of the median, 75th percentile (Q3), and max-
imum. The non parametric bootstrap method with 1000 bootstrap
replicates was used to obtain 95% CIs of the median. For each dose,
antibody type, and Ebolavirus GP antigen, a two-sided Wilcoxon Rank-
Sum test was performed to assess the difference in peak fold change in
secreting plasmablast cells per million compared to pre-vaccination
between treatment arms. Correlations between the change in the number
of secreting plasmablasts and peak humoral and cellular assay results
were assessed using Spearman correlation.

Gene expression biomarkers predicting peak VNA titer. Regularized
linear regression models were fit to determine gene expression fold-
change responses that best predict peak virus neutralization assay (EBOV
GP VNA) antibody titer post-second vaccination using the glmnet R
package (Version 3.0.2) [17]. To avoid overfitting (n « # genes and col-
linearity among genes) and to facilitate variable selection, an elastic net
regularization step (combination of L1 Lasso and L2 ridge penalization,
a = 0.5) was applied. The analysis was carried out across treatment arms.
Six-fold stratified cross validation (sets of 10 participants) was used to
determine the optimum regularization parameter that minimizes the
modelmean squared error and peak EBOVGPVNA titer was utilized for
stratifying participants by antibody response using deciles. In both cases,
the input gene set was based on log2 fold change in LCPM for DE genes
that were identified using binomial models as implemented in edgeR for
any timepoint and comparison (within and between study arm FDR <
0.05, FC ≥ 1.5). Regularized linear regression models were fit for Days 2,
4, 8, 15, 29 (relative change compare to first vaccination) andDays 30, 32,
36 (relative change compared to second vaccination).

Data availability
Thedeidentified datasets used and/or analyzed during the current study, the
study protocol, and statistical analysis plan will be made available from the
corresponding author upon reasonable request.
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