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ABSTRACT

Clinical development of Ebola virus vaccines (EVV) was accelerated by the West African Ebola virus
epidemic which remains the deadliest in history. To compare and rank the EVV according to their
immunogenicity and safety. A total of 21 randomized controlled trial, evaluating seven different vaccines
with different doses, and 5,275 participants were analyzed. The r'VSVAG-ZEBOV-GP (2 x 10 7) vaccine was
more immunogenic (P-score 0.80). For pain, rVSVAG-ZEBOV-GP (<10 %) had few events (P-score 0.90). For
fatigue and headache, the DNA-EBOV (< 4 mg) was the best one with P-scores of 0.94 and 0.87,
respectively. For myalgia, the ChAd3 (10 ') had a lower risk (P-score 0.94). For fever, the Ad5.ZEBOV (<
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8 x 10 '°) was the best one (P-score 0.80). The best vaccine to be used to stop future outbreak of Ebola is

the rVSVDG-ZEBOV-GP vaccine at dose of 2 x 10”7 PFU.

Introduction

According to the World Health Organization (WHO), the
2013-16 West African Ebola Virus epidemic (EBOV) was the
largest and deadliest in history with more than 28,600 con-
firmed infections and over 11,300 deaths."

Since this epidemic, many efforts have been made to accel-
erate the development of candidate vaccines against Ebola
virus disease (EVD). To date, only the recombinant replication
competent vesicular stomatitis virus-based vaccine expressing
the glycoprotein of a Zaire Ebolavirus licensed as ERVEBO'
(rVSVAG-ZEBOV-GP) at a dose of 2 x 10’ plaque-forming
unit (PFU) has been proven to have a high efficacy and effec-
tiveness to prevent EVD in contacts and contacts of contacts of
recently confirmed cases in Guinea (Conakry) and Sierra-
Leonne.” However, some safety concerns related to this vac-
cine, in particular one anaphylaxis,” four arthralgia,* and 19
arthritis* have been reported. The need for an alternative
vaccine is all the more crucial since vaccination not only pre-
vents infection but also limits its severity: in a recent therapeu-
tic study including affected patients during the 2018 EVD
outbreak in the Democratic Republic of Congo (RDC), those
who had been vaccinated had less severe clinical forms at
baseline.”

Many other vaccines have been tested in healthy volunteers,
with promising results on both safety and immunogenicity, but
with very different protocols (design, dose administered or

timing of evaluation).®” With the multiplicity of clinical trials
against EVD, data on an effective vaccine with the optimal dose
are needed to control any future outbreak like the one that
happened in West Africa or more recently in the Democratic
Republic of Congo.”

To our knowledge, no systematic review or meta-analysis
has been conducted to summarize published data on candidate
vaccines from clinical trials studies in healthy adults to identify
the most effective in terms of safety and immunogenicity. We
therefore conducted a network meta-analysis (NMA) to com-
pare and rank candidate vaccines tested in healthy adults in
terms of safety and immunogenicity to prevent EVD.

Methods
Search strategy and selection criteria

We searched through MEDLINE, EMBASE, and Cochrane
library (CENTRAL) for randomized controlled trials (RCT's)
that investigated Ebola virus vaccine safety and immunogeni-
city in healthy adults. Despite the extensively safety and
immunogenicity databases mainly for rVSV and Ad26 or
MVA vaccines, we choose to restrict our search to the RCTs
which gives the highest evidence level. The search was
restricted to any phase trials (1, 2, and 3) conducted in
human, and published in English before November 30,
2020. For studies that involve prime/boost, only data from
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the prime vaccination evaluated 28 days was considered.
Studies in which participant were nonrandomly allocated to
receive Ebola virus vaccine, or in which a combination of
vaccines was used, or in which participants were aged less
than 18 years, or in which information on outcomes was
lacking were excluded. Using the search terms listed in the
Methods in the Supplement, two authors (ADi and VW)
identified all relevant studies, then independently reviewed
their full texts, and in case of disagreement, differences were
resolved through the arbitration by another author (MCB).
Extracted data included: first author name and year of pub-
lication, country, RCT's design, study follow-up, age (range),
proportion of men participants, vaccine type and dosing
information, sample size, proportion or number of partici-
pants with seroconversion or seroresponse and adverse
events, and study sponsorship (Government and/or
Industry). The study protocol was registered in the
International Register of Systematic Reviews (PROSPERO),
number CRD42018109473.

Outcomes

The primary outcome was immunogenicity assessed by either the
seroconversion rate-proportion of participants who showed at
least a four-fold increase in antibody titer for enzyme-linked
immunosorbent assay (ELISA) 28 days after vaccination-, or
seroresponse rate — proportion of participants who had
a protective titer (seropositivity) measured by ELISA titer above
a prespecified threshold 28 days after vaccination. Because of the
variability of the method used to assess immunogenicity of Ebola
virus vaccine, we considered only seroconversion or seroresponse
rates based on ELISA titers at 28 days. In case both seroconver-
sion and seroresponse were available in a study, only the sero-
conversion rate was used, as it is less sensitive to baseline status.
Secondary outcomes were the most common Adverse Events
(AEs) occurring within the first 14 days post vaccination, and
recorded according to the Common Terminology Criteria for
Adverse Events.® The two categories of Adverse Events outcomes
considered in this network meta-analysis were the solicited local
reaction, mainly injection-site pain, and the systematic reactions
including fatigue, headache, fever, and myalgia. Because of the
limited number of recorded Grade 3 adverse events, we sub-
tracted them from the analysis, leaving only the reported mild
(Grade 1) and moderate (Grade 2), which were analyzed together
as a single outcome.

Data analysis

The original clinical trials were described using table of study
characteristics and forest plot. The Cochrane risk of bias tools’
and Revman version 5.3 were used to assess the risk of bias and
to generate the corresponding figures. We opted for a frequentist
approach to compare safety and immunogenicity between can-
didates vaccine using a random-effects network meta-analysis
(NMA) for binary endpoint. Summary estimates were reported
as odds ratio (OR) with their reported 95% confidence intervals.
For immunogenicity, beneficial vaccine effects are described by
ORs > 1, while for the safety outcomes, beneficial vaccine effects
are described by ORs < 1. Because of the large variety of tested

dose by vaccine, we grouped them in 12 categories (< 4 mg,
8 mg, < 10°, 10% 107, 2 x 107, 5 x 107, 10%, 10'°, <8 x 10'°, 10"},
and 1.6 x 10'"), then we considered these categories as separate
nodes in the network. For each dose group, we distinguished
between placebo, Ad26.ZEBOV, Ad5-EBOV, Chad3-ZEBOV,
DNA-EBO, MVA-BN-Filo, rVSVN4CT1-EBOVGP1, and
rVSVAG-ZEBOV-GP, thereby giving 18 different groups of
vaccine to compare. Full names of these acronyms are defined
in appendix (page 6). To display the relative efficacy on immu-
nogenicity and adverse events outcomes of all available pairwise
comparisons between vaccine, league tables were used. A P-score
ranging from 0 (worst vaccine) to 1 (best vaccine) was computed
for each vaccine, then the vaccine with the highest P-score was
selected as the preferred vaccine regimen for each considered
outcome. Heterogeneity and inconsistency were quantified using
the global Q test proposed by Rucker.'® The Q statistic is the sum
of statistic for heterogeneity, which represent the proportion of
the total variation in study estimates (within-designs), and
a statistic for inconsistency (between-designs), which represents
the variability of the vaccines effect between direct and indirect
comparisons at the meta-analytic level.'® To visualize and iden-
tify nodes of single-design inconsistency, we used a network heat
plot. Consistency between direct and indirect comparisons was
checked using the so-called node-splitting. We conducted three
sensitivity analyses, first to assess sponsorship bias by excluding
studies sponsored by industrial companies, second to test for
differences between health care system by excluding studies
conducted in Africa, and finally to assess the impact of the risk
of bias by excluding studies with a moderate risk of bias. No
subgroup analysis was performed. All analyses were performed
using R package ‘netmeta’;'® P-values <.05 were considered sig-
nificant for the difference between vaccines.

Results
Included studies

The initial search through all database identified 382 citations,
of which 120 were screened by title and abstract after remov-
ing duplicates. Of the 29 full-text citations reviewed, 21
RCTs*''! that met the inclusion criteria were finally
included in the quantitative network meta-analysis (Figure
1). These RCTs were published from 2006 to 2020, 13 in
high impact factor journals (9 in The Lancet, 3 in The
NEJM, 1 in JAMA). Fifteen were phase 1 trial, 2 were phase
3 trials, 17 were blinded, 15 were conducted in high-income
countries, and 18 were sponsored by Government institu-
tions. For the phase 3 study conducted in Sierra-Leonne, we
included only the participants involved in the safety sub-
study (n = 449). Together, these 21 RCTs included 5,275
healthy volunteers aged 18 and 65 years, of whom 2,983
(56.5%) were male. A total of 62 comparisons for immuno-
genicity (Figure 2) were investigated in a follow-up time
ranging from 12 weeks to 12 months (Table 1).

The methodological quality of the included RCT's is shown
in Figure 3. Overall, the risk of bias was low in nine RCTs, and
moderate in the others (Figure S1 and Table S1 in the
Supplement). A higher risk of attrition bias (incomplete out-
come data), detection bias (blinding outcome assessment), and
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Figure 1. PRISMA flowchart of studies selected for meta-analysis of RCT Ebola vaccine.

performance bias (blinding participants and personnel)
occurred in 4, 2, and 2 of 21 RCTs respectively.

Immunogenicity

Of the 5,275 participants, 3,110 (59.0%) had seroconverted at
28-days post-vaccination. Figure 2 shows the network for
immunogenicity captured by the immunogenicity of candidate
vaccine against Ebola virus. All vaccines were significantly more
immunogenic than placebo (Figure 4), and the corresponding
pairwise comparisons are summarized in the Supplement
(Table S2). The vaccine with the highest probability of giving
the highest seroconversion rate was the recombinant vesicular
virus-based vaccine expressing a Zaire Ebola virus glycoprotein
(rVSVAG-ZEBOV-GP) at the dose of 2 x 10’ PFU, with
a P-score of 0.80, and an OR over Placebo of 259.1 (95% CI
134.4-449.5). Among vaccines, we found that the MVA-BN-
Filo at dose of 10® TCIDs, (50% tissue culture infectious doses)
was significantly less immunogenic. Compared to the latter,
patients in the adenovirus type-26 vector-based Ebola group
(Ad26-ZEBOV) at doses of 5 x 10’ VP had 24 times more
likely to be immunized 28-days after vaccination (Figure S2).

Only 2 others pairwise comparisons were significant: the
rVSVAG-ZEBOV-GP vaccine with doses of 2 x 10’ PFU (OR
2.77, 1.24-6.21) and 10° PFU (2.34, 1.08-5.06) conferred more
immunogenicity than lower dose (< 5 x 10° PFU). Likewise, no
significant differences were found between direct and indirect
treatment estimates comparisons or evidence of publication bias
according to the comparison-adjusted funnel plot (Figure S3 in
the Supplement).

Safety

A total of 9,194 adverse events were reported between seven-
and 14-days post-vaccination, in which 127 (1.4%) were severe
(SAEs). The ratio of adverse events per participant was 1.7
(9,194/5,275) meaning that on average each participant
reported at least more than one adverse reaction (local or
systemic). The most commonly reported mild-to-moderate
AEs were injection-site pain (1,544 AEs), headache (1,578),
fatigue (1,007), myalgia (810), and fever (1,145). Likewise,
among the 127 severe reported adverse reactions, the most
prevalent were headache (33), fever (32), fatigue (20), chills
(15), and myalgia (13).
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Figure 2. Network graph of eligible Ebola vaccines comparisons for immunogenicity. Line width is proportional to the number of trials comparing every pair of vaccine.
The size of the circle is proportional to the number of participants assigned to receive the vaccine. rV'SVZGP (10e5 or lower), (10e6), (10e7), (2dose10e7),
(5dose10e7), and (10e8) were the recombinant replication competent vesicular stomatitis virus-based vaccine expressing the glycoprotein of a Zaire Ebolavirus
(VSVAG-ZEBOV-GP) at doses of < 10° plaque-forming unit (PFU), 10° PFU, 107 PFU, 2 x 107 PFU, 5 x 107 PFU, and 10® PFU; ChAd3 (10e10) and (10e11) were the
replication-defective chimpanzee adenovirus 3 vector expressing Zaire-Ebola virus glycoprotein (ChAd3-EBO-Z) at doses of 10'° viral particles (VP) and 10'" VP; MVA
(10e8) was the modified vaccinia Ankara (MVA) expressing Zaire Ebola virus glycoprotein and other filovirus antigens (MVA-BN-Filo) at doses of 1 x 10® 50% tissue
culture infectious doses (TCIDs); Ad5 (8dose10e10 or lower) and (1.6dose10e11) were the adenovirus type-5 vector-based Ebola vaccine (Ad5-ZEBOV) at doses of <
5% 10'°VP and 1.6 x 10"" VP; Ad26 (5dose10e10) was the adenovirus type-26 vector-based Ebola vaccine (Ad26-ZEBOV) at doses of 5 x 10'° VP; and DNAEBO (4 mg
or lower) and 8 mg were the Ebola virus glycoprotein DNA vaccine (EBODNAQ12-00-VP) at doses of < 4 mg/ml and 8 mg/ml; rVSVN4CT1 (10e5 or lower), and (10e6)
were the recombinant replication competent vesicular stomatitis virus-based vaccine expressing HIV-1 gag and glycoprotein of Ebolavirus ('VSVYN4CT1-EBOVGP1) at

doses of 2.5 x 10% PFU, 2.5 x 10° PFU, and 2 x 10° PFU.

rVSVAG-ZEBOV-GP (<10°) was associated with a 90% lower
probability of injection-site pain (P-score 0.90). Importantly, the
lower dose (< 10° PFU) of the rVSVAG-ZEBOV-GP vaccine
induced a lower risk of pain compared to the same vaccine at
higher doses. The corresponding risk reduction of pain were 78%
(0.22, 0.08-0.60) for 10° PFU, 85% (0.15, 0.06-0.41) for 2 x 10’
PFU, 88% (0.12, 0.04-0.40) for 10® PFU, 93% (0.07, 0.01-0.76) for
107 PFU, and 93% (0.07, 0.02-0.33) for 5 x 10’ PFU. In addition,
the lower dose (10° PFU) of the rVSVAG-ZEBOV-GP vaccine
reduced by 83% (0.17, 0.04-0.67) the risk of injection site pain
when compared to the Ad5 (1.6 x 10'") vaccine (Table S3 in the
Supplement).

For fatigue, the network meta-analysis was conducted in 19
RCTs involving 17 groups of vaccines and 59 pairwise compar-
isons. We found that the DNA-EBOV vaccine at dose of < 4 mg
was associated with less fatigue symptoms with a higher prob-
ability (P-score 0.94) of being the best one. The fatigue risk
reduction for DNA-EBOV vaccine (< 4 mg) was 82% (0.18,
0.03-0.95) compared to the ChAd3 vaccine at dose of 10,
84% (0.16, 0.03-0.80) for 10° PFU, 84% (0.16, 0.03-0.73) for
2 x 107 PFU, and 88% (0.12, 0.02-0.61) for 10° PFU. Compared
to placebo, the highest dose of ChAd3 vaccine (10'") multiplied
by 2.76 (1.26-6.03) the risk of fatigue (Figure 5). The corre-
sponding increased risk of fatigue compared with
rVSVAG-ZEBOV-GP vaccine were 3.12 (1.62-6.00) for 10°
PFU, 3.19 (1.98-5.15) for 2 x 10’ PFU, and 4.18 (2.12-8.02)
for 10° PFU. In addition, a higher dose (10° PFU) of

rVSVN4CT1-EBOVGP1 vaccine was significantly associated
with an increased risk of fatigue compared with other vaccines,
except for the r'VSVAG-ZEBOV-GP vaccine at dose of 10’ PFU
(0.05, 0.00-1.42) and 10® PFU (0.06, 0.00-1.29) (Table S4 in the
Supplement). Finally, a lower dose (< 10°) of rVSVAG-ZEBOV-
GP vaccine was associated with 57% (0.43, 0.20-0.91) risk
reduction of fatigue compared with a higher dose (10° PFU).
For headache, pairwise comparisons were performed in all
RCTs. As for fatigue, the DNA-EBOV vaccine at dose of < 4 mg
gave the best results (P-score 0.87). A significantly lower risk of
headache was seen in 39 of the 63 indirect comparisons (Table
S5 in the Supplement). The specific risk reductions of headache
for DNA-EBOV vaccine (< 4 mg) were 80% (0.20, 0.04-0.97)
and 99% (0.01, 0.00-0.20) compared to the ChAd3 vaccine at
dose of 10" and to the rVSVN4CT1-EBOVGPI at dose of 10°
PFU, respectively. The corresponding risk reductions of head-
ache compared to the rVSVAG-ZEBOV-GP vaccine were 77%
(0.23, 0.07-0.79) for 10° PFU, 77% (0.23, 0.07-0.75) for 2 x 107
PFU, 78% (0.22, 0.07-0.76) for 10® PFU, and 82% (0.18, 0.03—-
0.97) for 10 PFU. In addition, when compared with
rVSVAG-ZEBOV-GP at dose of 2 x 10" PFU, the risk of
headache was reduced by 67% (0.33, 0.12-0.94) for MVA-BN-
Filo (10° TCIDs), 62% (0.38, 0.19-0.78) for Ad5-EBOV (<
8 x 10'%), 60% (0.40, 0.25-0.64) for rVSVAG-ZEBOV-GP (<
10°), and 60% (0.40, 0.25-0.64) for Ad5-EBOV (1.6 x 10'").
The corresponding risk reduction of headache compared with
rVSVAG-ZEBOV-GP at dose of 10° and 10® PFU were shown
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Zhu, 2017 (20)
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. . . . . . ‘ . . . . . . . . . . . ‘ . . Selective reporting (reporting bias)

~N
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. Low risk of bias

D Unclear risk of bias

. High risk of bias

Number in parentheses are references.

Figure 3. Summary of risk bias assessment for RCTs Ebola vaccines comparisons. Number in parentheses are references.

in supplemental Table S5. As for fatigue, a higher dose (10°
PFU) of rVSVN4CT1-EBOVGP1 vaccine was significantly
associated with an increased risk of headache, except for the
rVSVAG-ZEBOV-GP vaccine at dose of 10° PFU (0.03,
0.00-1.13).

The risk of myalgia was assessed in 19 RCT's involving 18
different groups of vaccines and 61 pairwise comparisons.
ChAd3 at dose of 10'° VP was associated with a lower risk of
myalgia (P-score 0.94). A total of 26 indirect comparisons were
significant, with a 40% to 96% risk reduction of myalgia (Table

S6 in the Supplement). These specific risk reductions were
more important for ChAd3 vaccine (10'° VP) compared with
rVSVAG-ZEBOV-GP: 92% (0.08, 0.01-0.95) for 2 x 10" PFU,
94% (0.06, 0.00-0.98) for 10" PFU, 94% (0.06, 0.01-0.73) for
10° PEU, 94% (0.06, 0.00-0.65) for 10® PFU, and 96% (0.04,
0.00-0.53) for 5 x 10’ PFU (Figure 5).

For fever, data were available in 19 RCT's with 17 different
groups vaccines yielding 57 pairwise comparisons. Ad5-EBOV
at dose of < 8 x 10" was ranked as giving the best results
(P-score 0.80). This vaccine was associated with a lower risk of
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Vaccines vs.
Treatment MVA(10e8) OR 95%-Cl P-Score
r'VSVZGP(2dose10e7) ——— 22.02 [3.18; 152.66] 0.80
Ad26(5dose10e10) — 24.22 [8.05; 72.83] 0.76
rVSVZGP(10e6) —#——  18.59 [2.30; 150.12] 0.72
rVSVZGP(10e8) —a— 16.80 [2.28; 123.66] 0.68
ChAd3(10e10) ——— 17.39 [1.20; 251.41] 0.66
r'VSVZGP(10e7) ——— 15.94 [1.25; 203.33] 0.65
MVA(5dose10e10) —— 12.51 [1.82; 85.97] 0.57
rVSVZGP(5dose10e7) —— 12.25 [1.26; 118.74] 0.56
rVSVN4CT1(10e5 or lower) 11.95 [0.31; 465.90] 0.56
rVSVN4CT1(10e6 or higher) 10.22 [0.22; 469.35] 0.53
DNAEBO(4mg or lower) B e — 8.08 [0.40; 162.44] 0.47
ChAd3(10e11) —a— 9.65 [1.37; 67.99] 0.46
Ad5(8dose10e10 or lower) —— 9.07 [1.17; 70.43] 0.46
Ad5(1.6dose10e11) —a— 9.00 [1.16; 69.93] 0.45
rVSVZGP(10e5 or lower) s 7.95 [1.03; 61.27] 0.39
DNAEBO(8mg) —_— 1.48 [0.05; 41.86] 0.18
MVA(10e8) 1.00 0.11
Placebo |_-T_ : | 0.08 [0.01; 0.53] 0.00
0.01 0.1 1 10 100
Decreased chance Seroconversion Increased chance
Vaccines vs.
Treatment Placebo OR 95%-Cl P-Score
rVSVZGP(2dose10e7) = 259.12 [134.42; 499.50] 0.80
Ad26(5dose10e10) ——— 285.00 [ 46.20; 1758.22] 0.76
rVSVZGP(10e6) - 218.76 [78.72; 607.94] 0.72
rVSVZGP(10e8) - 197.73 [87.45; 447.09] 0.68
ChAd3(10e10) ——— 204.64 [ 29.01; 1443.71] 0.66
rVSVZGP(10e7) —+— 187.58 [ 31.67; 1110.88] 0.65
MVA(5dose10e10) ———  147.22 [ 16.36; 1325.07] 0.57
rVSVZGP(5dose10e7) —— 144.16 [37.12; 559.84] 0.56
rVSVN4CT1(10e5 or lower) ——— 140.60 [ 5.86; 3375.64] 0.56
rVSVN4CT1(10e6 or higher) ——————120.33 [ 4.16;3481.79] 0.53
DNAEBO(4mg or lower) S 95.15 [ 8.77;1032.12] 0.47
ChAd3(10e11) - 113.55 [56.23; 229.29] 0.46
Ad5(8dose10e10 or lower) —— 106.75 [41.74; 273.04] 0.46
Ad5(1.6dose10e11) = 105.88 [41.30; 271.45] 0.45
rVSVZGP(10e5 or lower) = 93.57 [37.19; 235.41] 0.39
DNAEBO(8mg) —— 17.39 [ 1.05; 287.12] 0.18
MVA(10e8) —— 11.77 [ 1.90; 72.76] 0.11
Placebo | : : : 1.00 0.00
0.001 01 1 10 1000

Decreased chance

Figure 4. Pairwise comparisons in network meta-analysis for immunogenicity.

fever (0.19, 0.06-0.57) compared with ChAd3 vaccine (10'").
The corresponding specific risk reduction of fever for Ad5-
EBOV vaccine (8 x 10'%) compared with rVSVAG-ZEBOV-GP
were 82% (0.18, 0.06-0.52) for 10° PFU, 88% (0.12, 0.05-0.30)
for 2 x 107 PFU, 90% (0.10, 0.03-0.28) for 10® PFU, and 91%
(0.09, 0.02-0.37) for 5 x 107 PFU. In addition, ChAd3 (10"")
and rVSVAG-ZEBOV-GP vaccines (10%, 2 x 107, 5 x 107, and
10®) were associated with more fever than placebo, a lower dose
of r'VSVAG-ZEBOV-GP vaccine (< 10°), and Ad5-EBOV vac-
cine (< 8 x 10'® and 1.6 x 10'") (Table S7 in the Supplement).

Seroconversion

Increased chance

The remaining significant comparisons for headache, myalgia,
and fever were showed in the Supplement (Table S5 to
Table S7).

Heterogeneity, consistency, and sensitivity

Except for injection-site pain, fatigue, and fever, no gen-
eral heterogeneity or inconsistency of vaccine effect was
found (P value greater than 0.05; I ranging from 0% to
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Vaccines vs.
Treatment Placebo OR 95%~Cl
Ad26(5dose10e10)
Injection site—Pain —— 532 [1.52; 18.65
Fatigue 229 [0.89; 5.85
Headache 1.67 [0.74; 3.79
Myalgia 225 [0.88; 5.76
Fever — 1.27 [0.04; 37.51
Ad5(1.6dose10e11)
Injection site—Pain —— 7.64 [2.72; 21.52
Fatigue 216 [0.87; 5.37
Headache 1.39 [0.75; 2.57
Myalgia 1.55 [0.66; 3.60
Fever 1.52 [0.74; 3.12
Ad5(8dose10e10 or lower)
Injection site—Pain —— 3.70 [1.39; 9.89
Fatigue 1.65 [0.63; 4.32
Headache 1.13 [0.59; 2.15
Myalgia 1.63 [0.64; 4.15
Fever 0.90 [0.43; 1.92
ChAd3(10e10)
Injection site—Pain —— 7.73 [1.58; 37.74
Fatigue -+ 2.38 [0.74; 7.70
Headache —— 3.48 [1.14; 10.63
Myalgia —— 0.22 [0.02; 2.55
Fever 2.56 [0.40; 16.48
ChAd3(10e11)
Injection site—Pain —— 426 [1.17; 15.58
Fatigue - 276 [1.26; 6.03
Headache ] 2.03 [1.28; 3.20
Myalgia 2.02 [1.46; 2.78
Fever 4.88 [2.10; 11.31
DNAEBO(4mg or lower)
Injection site—Pain —a— 7.29 [1.14; 46.77
Fatigue —— 050 [0.12; 2.17
Headache 1 0.68 [0.22; 2.14
Myalgia 093 [0.31; 2.81
Fever 1.68 [0.22; 13.16
DNAEBO(8mg)
Injection site—Pain - 2.44 [0.19; 31.77
Headache —.— 0.68 [0.08; 5.70
Myalgia = 5.64 [0.66; 48.17
Fever - 1.72 [0.10; 28.72
MVA(10e8)
Injection site—Pain 5.31 [1.24; 22.81
Fatigue 1.60 [0.55; 4.61
Headache 0.98 [0.39; 2.47
Myalgia - 1.90 [0.67; 5.39
Fever 1.27 [0.04; 37.51
MVA(5dose10e10)
Injection site—Pain 476 [0.75; 30.19
Fatigue 1.83 [0.47; 7.08
Headache 1.65 [0.52; 5.27
Myalgia

rVSVN4CT1(10e5 or lower)

Injection site—Pain 6.74 [0.23; 199.21

Fatigue 2.00 [0.17; 24.14

3.80 [0.17; 83.88
Myalgia 1.46 [0.05; 39.36
Fever 1.46 [0.05; 44.18

rVSVN4CT1(10e6 or higher)

_ =
Hil—
| -
-
-
- 3.56 [1.07; 11.80
e

Injection site—Pain e —

Headache —
- 19.00 [0.60; 599.64

Fatigue —=——  72.00 [3.43;1512.56
Headache —— 120.33 [4.22; 3430.21
Myalgia e — 5.59 [0.23; 133.61
Fever 5.59 [0.21; 150.60
rVSVZGP(10e5 or lower)

Injection site—Pain 1.26 [0.49; 3.25
Fatigue 1.77 [0.94; 3.32
Headache 117 [0.74; 1.86
Myalgia E 1.68 [1.06; 2.66
Fever 1 0.98 [0.44; 217
rVSVZGP(10e6)

Injection site—Pain —— 5.86 [2.16; 15.86
Fatigue E 3.12 [1.62; 6.00
Headache = 297 [1.83; 4.80
Myalgia = 3.59 [2.22; 5.82
Fever L] 5.09 [2.36; 10.98
VSVZGP(10e7)

— -

Injection site—Pain 17.09 [1.71; 170.38
Fatigue T 3.46 [0.79; 15.18
Headache - 3.83 [1.10; 13.30
Myalgia o 3.46 [1.01; 11.93
Fever — 2.61 [0.41; 16.46
rVSVZGP(10e8)

Injection site—Pain —— 10.46 [3.63; 30.13
Fatigue k3 412 [2.12; 8.02
Headache = 3.06 [1.98; 4.73
Myalgia = 4.04 [2.54; 6.43
Fever 9.42 [4.39; 20.20
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Figure 5. Pairwise comparisons in network meta-analysis for safety outcomes (injection site-pain, fatigue, headache, myalgia, and fever). OR: odds ratio; Cl: 95%
confidence interval; rVSVZGP (10e5 or lower), (10e6), (10e7), (2dose10e7), (5dose10e7), and (10e8) were the recombinant replication competent vesicular
stomatitis virus-based vaccine expressing the glycoprotein of a Zaire Ebolavirus (rVSVAG-ZEBOV-GP) at doses of < 10° plaque-forming unit (PFU), 10° PFU, 107 PFU,
2 x 107 PFU, 5 x 107 PFU, and 10° PFU; ChAd3 (10e10) and (10e11) were the replication-defective chimpanzee adenovirus 3 vector expressing Zaire-Ebola virus
glycoprotein (ChAd3-EBO-Z) at doses of 10" viral particles (VP) and 10"" VP; MVA (10e8) was the modified vaccinia Ankara (MVA) expressing Zaire Ebola virus
glycoprotein and other filovirus antigens (MVA-BN-Filo) at doses of 1 x 10% 50% tissue culture infectious doses (TCIDsp); Ad5 (8dose10e10 or lower) and
(1.6dose10e11) were the adenovirus type-5 vector-based Ebola vaccine (Ad5-ZEBOV) at doses of < 5 x 10" VP and 1.6 x 10'" VP; Ad26 (5dose10e10) was the
adenovirus type-26 vector-based Ebola vaccine (Ad26-ZEBOV) at doses of 5 x 10'° VP; and DNAEBO (4 mg or lower) and 8 mg were the Ebola virus glycoprotein DNA
vaccine (EBODNAO012-00-VP) at doses of < 4 mg/ml and 8 mg/ml; rVSVN4CT1 (10e5 or lower), and (10e6) were the recombinant replication competent vesicular
stomatitis virus-based vaccine expressing HIV-1 gag and glycoprotein of Ebolavirus (r'VSVN4CT1-EBOVGP1) at doses of 2.5 x 10* PFU, 2.5 x 10° PFU, and 2 x 10° PFU.



18%). These finding were supported by the heat plot dis-
played in the Supplemental Figures S4 to S9. In sensitivity
analysis, after excluding the nine studies!?~1419:21,24,27-30
sponsored by the Industrial companies or the seven ones
conducted in  Africa,'>!7?%21:2672%  the Ad5.ZEBOV
(1.6 x 10'Y) became the most immunogenic vaccine
(P-score 0.91 and 0.88, respectively). Finally, after consid-
ering only the nine studies with a lower risk of
bias,»!>1>17:19:21,22:2631 the  yVSVAG-ZEBOV-GP  (10%)
became the most immunogenic vaccine (P-score 0.76).

Discussion

This study, based on 21 RCTs involving 5,275 healthy
volunteers randomly assigned to 18 different groups of
candidate vaccines, is the first network meta-analysis of
vaccines against Ebola virus. Considering immunogenicity,
we found that the r'VSVAG-ZEBOV-GP vaccine at the dose
of 2 x 107 PFU was the most effective available option.
These findings support the high protective role of this
treatment option to prevent Ebola virus disease, as pre-
viously reported from individual phase 1 and/or 2 studies,
and data from phase 3 conducted in contacts and contacts
of contacts in Guinea (Conakry) and Sierra-Leonne.® We
found a good overall consistency of the network meta-
analysis for immunogenicity.

Despite a rapid immune response, the safety profile of
the rVSVAG-ZEBOV-GP vaccine (2 x 107) would be ques-
tionable for mass vaccination in the absence of immediate
risk of exposure. Compared with others vaccines, we found
increased injection site-pain and fever reported by patients
who received a single dose of this vaccine. These findings
are in lines with those reported in Ebola ¢a Suffit trial
where 80 serious adverse events were identified, of which
two were judged to be related to vaccination (one febrile
reaction and one anaphylaxis). A high reactogenicity may
increases vaccine hesitancy, especially in Africa where unfa-
vorable socioeconomic factors, low level of health educa-
tion, lack of disease awareness, religious and cultural beliefs
may decrease vaccination uptake. Future studies should be
conducted in African populations that have experienced
Ebola disease to investigate risk factors and barriers to
vaccination.

In the sensitivity analysis, we found a substantial change
in vaccines effect estimates from those seen in the
overall network meta-analysis for immunogenicity. When
excluding studies sponsored by the industry companies'*”
1619.21242730 o1 those conducted elsewhere other than
Africa area,'>!7?*21:2072% the Ad5.ZEBOV (1.6 x 10'' VP)
became the most immunogenic vaccine, suggesting that
Ad26.ZEBOV might be a possible alternative vaccine.
Compared to placebo, the Ad26.ZEBOV vaccine gives the
highest immunogenic level, and was associated with a lower
rate of reactogenicity. Moreover, no difference in terms of
risk difference (0.04 [95% CI; —0.13 to 0.20]) were observed
as compared to the rVSVAG-ZEBOV-GP (2 x 10) vaccine.
Pending the results of a large randomized trial between
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these two vaccines, we recommend to use the Ad26.
ZEBOV (5 x 10'° VP) vaccine with an MVA boost in
cases of contraindication or limited availability of the
rVSVAG-ZEBOV-GP (2 x 107) vaccine to stop future out-
break of Ebola. However, in both indirect comparisons, the
precision (95% CI) of vaccine effect estimates for Ad26.
ZEBOV (1.6 x 10'") compared with rVSVAG-ZEBOV-GP
(2 x 107) is high, reflecting the relatively small number of
participants contributing to the network meta-analysis. The
rVSVAG-ZEBOV-GP vaccine (2 x 107) ranked 4™ out of 15
groups of vaccines and 5™ out of 17 groups of vaccines,
respectively (sensitives analyses). In addition, after taking
into account only studies with a low risk of bias, the
rVSVAG-ZEBOV-GP (10®%) become the most immunogenic
vaccine, while the same vaccine at dose of 2 x 107 was
ranked 3™ out of 14 groups of treatments. Nevertheless,
these sensitivity analyses were performed on a small num-
ber of RCTs with few participants which may have reduced
the power of the test.

Some limitations were present in this study. First, the
classification used to define these 18 groups of vaccines for
comparisons is disputable, and possibly other categorization
would result in different conclusions. In addition, the con-
clusions of the overall network analysis differ substantially
from those of the sensitivity analyses, mainly after exclusion
of studies sponsored by industrial companies or those con-
ducted outside Africa, suggesting caution in interpretating
the data. Second, the different ELISA assays methods and
the different thresholds used to define seroconversion rates
for immunogenicity may influence the results of the efficacy
analysis. Standardized methods would be preferable in
order to improve the conclusion in future studies.’> An
alternative approach to the use of a single time point of
ELISA data would be to focus on peak titers regardless of
time point, although neglecting the value of the onset of
protection is a problem with this method. Third, the use as
a single time-point of the outcome analysis, 28-day after
single immunization which limits the ability to assess
immunogenicity of Ebola vaccines of more than one dose
regimen. Moreover, the methods of comparing vaccines
with different immunization regimens in a network meta-
analysis remains an open question due to transitivity
requirement. Finally, as the search was restricted to
English language trials, a residual publication bias is possi-
ble despite our effort to locate unpublished trials through
ClinicalTrial.gov. Nevertheless, Jiini Peter et al. suggest that
bias induces by excluding non-language English trials has
only modest effects on aggregated treatment effect
estimates.”

Our findings suggest that the rVSVAG-ZEBOV-GP vac-
cine with dose of 2 x 107 has the strongest evidence for
being the most effective vaccine in terms of immunogeni-
city to prevent the next outbreak of Ebola virus disease.
These findings have implications on the design of future
clinical trials, and management of the next outbreak of
Ebola Virus Disease. Future large prospective RCTs are
needed to draw final conclusions.
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RCT

rVSVAG-ZEBOV-

randomized controlled trials
recombinant replication competent vesicular stomatitis virus-

GP based vaccine expressing the glycoprotein of a Zaire
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ChAd3-EBO-Z  replication-defective chimpanzee adenovirus 3 vector
expressing Zaire-Ebola virus glycoprotein
MVA-BN-Filo modified vaccinia Ankara (MVA) expressing Zaire Ebola virus
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Ad5.ZEBOV adenovirus type-5 vector-based Ebola vaccine
Ad26.ZEBOV adenovirus type-26 vector-based Ebola vaccine
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ELISA enzyme-linked immunosorbent assay
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TCIDsg 50% tissue culture infectious doses
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