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Why are Ebola virus vaccines needed? 
Four species of the genus Ebolavirus cause severe and often lethal disease in humans: Sudan 

ebolavirus (SUDV), Bundibugyo ebolavirus (BDBV), Tai Forest ebolavirus (TAFV), and Zaire 

ebolavirus (EBOV) [1]. Historically, EBOV has caused most Ebolavirus outbreaks and cases. 

Check for The devastating 2013 to 2016 EBOV epidemic in West Africa, resulting in approximately 

t : 29,000 cases, prompted the global community to rapidly advance vaccine candidates that were 

previously in nascent stages of development [2]. The recent reemergence of EBOV in Guinea, 

Uganda, and the Democratic Republic of Congo (DRC) emphasizes the continued need for 

safe and effective vaccines against this deadly pathogen along with optimal deployment strate-
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Which immunization strategy or combination of strategies is 
optimal for controlling Ebola virus infections? 
The most effective vaccination strategies to prevent EBOV disease should balance benefits and 

risks to maximize vaccine impact while minimizing global costs, effort, and human suffering. 

Widespread mass vaccination is not considered an attainable goal as the endemic region 

includes much of West and Central Africa [2], putting over half of a billion individuals at risk. 

It is estimated that 80% vaccine coverage would be required to establish herd immunity against 

EBOV based on 90% vaccine efficacy and an estimated basic reproductive number value (RD; 

number of secondary cases that result from an individual infection) of 4 [5]. Financial/logisti-

cal hurdles and limited vaccine acceptance in the affected regions make such a vaccination rate 

a challenge. Ring vaccination (immunizing contacts (and contacts of contacts) of confirmed 

patients) similarly faces logistical barriers: Many EVD contacts cannot be reached or refuse 

vaccination, limiting its effectiveness [6]. Immunization of select groups also fuels equity 

concerns. 

A tailored solution for each situation based on epidemiological characteristics and model-

ing is the best vaccine strategy. Early contact tracing along with ring vaccination may be 
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adequate for isolated cases and small outbreaks, but supplemental approaches such as geo-
graphic- and/or population-based vaccination may be needed to curb large-scale outbreaks, 
especially if there is a high level of contact inaccessibility [5-7]. The latter vaccination strategies 
could additionally help foster vaccine trust. Routine immunization of healthcare and frontline 
workers in endemic regions as well as other specific groups (ambulance drivers, hospital clean-
ers, and burial teams) may also prove beneficial, as this population is at enhanced risk, and 
nosocomial transmission has been an amplifying factor in previous outbreaks [7]. 

What is the current status, and what are some advantages and 
disadvantages, of the leading Ebola virus vaccines? 
Thirteen EBOV vaccine candidates have entered human clinical trials with 5 progressing to 
post-Phase I clinical trials [8]. Strengths and weaknesses for each of the 5 platforms are sum-
marized in Table 1. The most advanced vaccines in the United States and Europe include 

Table 1. Advantages and disadvantages of post-Phase I clinical trial vaccines for EBOV disease. 

Ervebo 
(rVSV-ZEBOV-GP; V920; 
rVSVAG-ZEBOV-GP) 
Monovalent, expresses 
EBOV GP (Kikwit variant) 

Zabdeno/Mvabea 
(Ad26.ZEBO V 
+ heterologous 
MVA-BN-Fffo boost) 
Multivalent after second 
dose, Zabdeno expresses 
EBOV GP (Mayinga) 
Mvabea expresses EBOV GP, 
SUDV GP, TAFV NP, and 
MARV GP 

Merck 
NewLink Genetics 
PHAC 
(National 
Microbiology 
Laboratory in 
Winnipeg, 
Manitoba) 

Johnson & Johnson 
(Janssen division) 
Bavarian Nordic 

• Only vaccine with proven clinical 
efficacy 
• Rapid immunostimulatory properties 
enable its use in an outbreak setting or 
as an emergency postexposure 
prophylactic 
• Single-dose approach eliminates the 
need for patient follow-up 
• Good safety profile, 2 SAEs reported 
deemed related to the vaccine (febrile 
reaction and anaphylaxis) that later 
resolved 
• Durable humoral immunity, strong 
immune responses reported at least 2 
years after vaccination 
• Lower doses of vaccine needed than 
adenovirus-based vaccines 

• Approved for individuals 1 year and 
older 
• Good safety profile, 2 SAEs reported 
deemed related to vaccine (Miller 
Fisher syndrome and small fiber 
neuropathy) that later resolved 
• Multivalent after second dose; targets 
EBOV, SUDV, and TAFV as well as 
MARV (although, only indicated for 
EBOV) 
• Replication deficiency eliminates 
vaccine shedding concerns 
• Multiple storage options: Ad26.EBOV: 
-20'C to -60'C for 48 months and +2 
to +8`C for 12 months; MVA-BN-Fffo: 
20'C to -60'C for 42 months and +2 to 
+8'C for 6 months 

• Only targets EBOV, which was 
responsible for the 2013-2016 
outbreaks and more recent flare-
ups 
• Only licensed for adults >18 
years of age 
• Reports of arthritis in a subset of 
vaccinees associated with 
increasing age and increased IgG 
titers beyond 6 months 
• Infectious virus found in synovial 
joints of vaccinees suggests unlikely 
but possible vaccine shedding/ 
secondary transmission 
• Requires >60'C storage 
temperature; -60'C to -80'C 
stability is 36 months, 2'C to 8'C 
for no more than 2 weeks, room 
temperature for no more than 4 
hours

• Lower predicted vaccine efficacy 
than Ervebo (approximately 53%) 
based on stringent nonhuman 
primate bridging data 
• Requires 2 doses (patient follow-
up cause for concern) 
• Not ideal for outbreak settings as 
8 weeks must pass before the 
second dose is administered 
• High doses of vaccine required 
for immunogenicity compared to 
Ervebo 
• Booster vaccination 
recommended 4 months post 
second dose 
• Mvabea does not include 
immunogen targeting Bundibugyo 
or Bombali ebolaviruses 
• Data on cross-protection against 
non-EBOV or MARV does not 
exist 
• Preexisting immunity to vector 
may reduce the effectiveness of the 
vaccine 

• Licensed by US FDA and EMA 
• Granted Breakthrough Therapy 
• Designation by the US FDA and PRIME 
status by the EMA 
• Phase III trials completed in Africa, the 
US, Canada, and Europe 
• Expanded access protocols used in 
Guinea and in the DRC 
• Tested in children older than or equal to 
1 year (PREVAC), women that later 
became pregnant, and HIV-positive 
individuals; appears immunogenic and 
safe but still examining its suitability in 
these populations 
• Durability, antibody threshold of 
protection? 
• Safety and immunogenicity in the 
immunocompromised and pregnant/ 
lactating women? 

• Licensed by EMA under exceptional 
circumstances 
• Phase I/II/III trials completed in 
Europe, the US, and Africa 
• Submitted dossier to the US FDA to 
request licensure using the Animal Rule 
• Submitting to WHO for EUAL 
• Other vaccine combination/variants are 
being explored to enhance 
immunogenicity/efficacy of Zabdeno and 
Mvabea 
• Durability, antibody threshold of 
protection? 
• Safety and immunogenicity in the 
immunocompromised and pregnant/ 
lactating women? 

(Continued) 
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Table 1. (Continued) 

ChAd3-EBOZ with or GlaxoSmith 
without Mvabea Kline 
(cAd3-ZEBOV; Okairos 
ChAd3-EBO-Z) NIAID 
Monovalent, expresses 
EBOV GP (Mayinga variant) 
Mvabea expresses EBOV GP, 
SUDV GP, TAFV NP, and 
MARV GP 

Ad5-EBOV BIT 
Monovalent, expresses CanSino (China) 
EBOV GP (Makona variant) 

GamEvac-Combi and Gamaleya Research 
GamEvacLyo Institute of 
Heterologous prime-boost Epidemiology and 
w/ rVSV and Ad5 expressing Microbiology 
EBOV GP (Makona) (Russia) 

• Single-dose and/or optional 
multivalent boost 
• Good safety profile, no SAE reports, 
mild-to-moderate reactogenicity 
• Can be administered to children (1 
year and older) and adults 
• Uses chimpanzee-specific adenovirus 
to circumvent preexisting immunity to 
vector 
• Replication deficiency eliminates 
vaccine shedding concerns 
• At high dose (tell particles), can be 
used for reactive vaccination 

• Single dose 
• Good safety profile, no SAE reports; 
adverse reactions mild and self-limiting 
• Storage at +2'C to +8'C for 12 
months (2 vials of lyophilized powder 
+ 1 vial of diluent) 

• Combo approach to take advantage of 
benefits of each platform (consists of 
rVSV and Ad5 expressing EBOV GP) 
• Stable at -16'C to -20'C for 12 
months 

• Lower predicted vaccine efficacy 
than Ervebo (approximately 60%-
90% protection with high tell 
dose no Mvabea boost based on 
nonhuman primate bridging data) 
• chAd3-EBOZ only targets EBOV 
• Optional Mvabea targets more 
virus species but is only indicated 
for EBOV 
• Higher doses of vaccine required 
for immunogenicity compared to 
Ervebo 
• Requires >60'C storage 
temperature for single-dose vials 
(stability at <60'C is 24 months), 
currently evaluating stability at 
other storage conditions 
• Antibody responses decreased by 
roughly half at 180 days after 
vaccination; booster recommended 

• Only targets EBOV 
• Preexisting immunity to Ad5 
vector may reduce the effectiveness 
of the vaccine 
• Only indicated for 18 to 60 years 
of age 
• No clinical efficacy data, only 
immunogenicity data 
• GP-specific antibodies decreased 
85% at day 168 

• Only targets EBOV 
• 2 doses (prime + boost at 21 days) 
• Only indicated for 18 to 55 years 
• Preexisting immunity to Ad5 
vector may reduce the effectiveness 
of the vaccine 
• No published clinical efficacy 
data, only immunogenicity data 
• Preexisting neutralizing Ad5 
antibodies negatively influenced 
GP responses in half-dose but not 
the full-dose group 

• Not yet licensed by the US FDA or EMA 
• Phase II trials completed in Europe, the 
US, and Africa 
• Ongoing trials to explore safety and 
immunogenicity of other vaccine 
variations including multivalent, 
homologous, and heterologous 
combinations as well as shorter dosing 
intervals 
• Completed randomized, double-blind 
Phase II trial in adults: immediate vs. 
placebo + delayed (6 months) vaccination 
for adults 
• Completed randomized, observer blind 
Phase II trial in children: immediate Vx 
+ Placebo (Meningococcal Vx) at 6 mo vs. 
Immediate placebo + Vx at month 6 for 
children 
• Durability with booster, antibody 
threshold of protection? 
• Immunogenicity in 
immunocompromised and HIV 
populations? 

• Not licensed in the US, UK, or EU 
• Licensed in China based on Animal Rule 
by the Chinese Food and Drug 
Administration 
• Submitting to WHO for Emergency Use 
• Phase II—Assessment and Listing 
(EUAL) 
• Durability, antibody threshold of 
protection? 
• Immunogenicity in 
immunocompromised and HIV 
populations? 

• Not licensed in the US, UK, or EU 
• Licensed by the Ministry of Health of 
the Russian Federation for emergency use 
in December 2015 based on Phase I and II 
safety and immunogenicity data 
• Completed Phase III trial in Guinea 
(Kindia) 
• Completed Phase IV trial in Russia 
• Durability, antibody threshold of 
protection? 
• Immunogenicity in 
immunocompromised and HIV 
populations? 

Ad26, human adenovirus serotype 26; BIT, Beijing Institute of Technology; cAd3, chimpanzee adenovirus serotype 3; DRC, Democratic Republic of Congo; EBOV, 

Ebola virus; EBOZ, Ebolavirus-Zaire species; EMA, European Medicines Agency; EUAL, Emergency Use Authorization Listing; FDA, US Federal Drug Administration; 

GP, glycoprotein; HIV, human immunodeficiency virus; MARV, Marburg virus; NIAID, National Immunology Allergy and Infectious Disease; NP, nucleoprotein; 

rVSV, recombinant vesicular stomatitis virus; SAE, serious adverse event; SUDV, Sudan virus; TAFV, Tai Forest virus; Vx, Vaccination; WHO, World Health 

Organization; ZEBOV, Zaire ebolavirus. 

Modified from reference [8] Table 1 (Ebola Vaccine Team B/CIDRAP/WellcomeTrust report "Completing the Development of Ebola Vaccines"). 

https://doi.org/1O.1371/IournaI.ppat.1010078.tOOl 

Ervebo (rVSV-EBOV), Zabdeno/Mvabea (Ad26-ZEBOV/MVA-BN-Filo), and cAd3-EBOZ 
(Fig 1). All 3 platforms use a viral vector, or a modified version of a harmless surrogate virus, 
to provoke an immune response. Key benefits of virus-vectored vaccines are their ability to 
deliver antigen specifically to target cells and to induce robust, long-lived immunity. Ervebo, 
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Merck/ New Link Genetics/PHAC Johnson &Johnson (Janssen) GlaxoSmithKline/NIAID/Okairos 
Bavarian Nordic Bavarian Nordic 

—5e10 i.u. dose —let1 W. dose 
* Non-replicative Nan-replicative 

EMA approval No FDA/EMA approval 
Adenovirus spike may expand Adenovirus spike may expand 

N
target cel l repertoire target cell repertoire 

—7.2e7 i.u. dose 
Replicative ` 

FDA/EMA approval

5' 3' 

Proven efficacy is Ervebo Predicted efficacy is 53.4% Zabdeno Predicted efficacy cAd3-EBOZ 
97.5-100%10 days (rVSV-EBOV) after MVA-BN-Filo boost without MVA-BN-Filo 

onwards based on immunobridging (Ad26.ZEBOV) boost is 60-91% based (CAd3-ZEBOV) Single dose of human and non-human P on immunobridging of 
primate data rime human and non-human Prime 

primate data (target 

& 
+ 8 weeks population-dependent) —1+ 8 weeks 

o0 0 0000a~o- .,~~-a oo

—108 i.u. dose —2e8 i.u. dose 
Replicative Replicative 

EMA approval 

•
i ~ 

5' 1 3' 5' 3' 

Mvabea Mvabea 
(MVA-BN-Filo) (MVA-BN-Filo) 

Boost Boost 

Fig 1. Leading EBOV vaccines. The most advanced vaccines in the US and Europe include Ervebo (rVSV-EBOV), Zabdeno/Mvabea (Ad26-ZEBOV/MVA-BN-Filo), 
and cAd3-EBOZ (with or without MVA-BN-Filo). These platforms use a viral vector to provoke an immune response, but, as illustrated, there are several distinctions 
among these 3 vaccines including vector virus, dose, efficacy, cell targets, and inclusion of a booster. Created with BioRender.com. Ad26, human adenovirus serotype 26; 
cAd3, chimpanzee adenovirus serotype 3; EBOV, Ebola virus (Zaire ebolavirus); EBOZ, Ebolavirus-Zaire species; EMA, European Medicines Agency; FDA, US Federal 
Drug Administration; GP, glycoprotein; i.u., infectious unit; MARV, Marburg virus; NIAID, National Immunology Allergy and Infectious Disease; NP, nucleoprotein; 
PHAC, Public Health Agency of Canada; rVSV, recombinant vesicular stomatitis virus; SUDV, Sudan virus; TAFV, Tal Forest virus; ZEBOV, Zaire ebolavirus. 

https://doi.org/l 0.1371110u rnal.ppat.1010078.g001 

Zabdeno/Mvabea, and cAd3-EBOZ all express EBOV glycoprotein (GP) antigen to stimulate 
an immune response. GP is the sole surface protein of the EBOV virion and mediates attach-
ment, fusion, and entry of target cells; thus, this protein serves as an attractive immunogen as 
it is readily recognized by the immune system and is the main target of the neutralizing anti-
body response [9]. Some general disadvantages of virus vaccine vectors include manufacturing 
obstacles, cold chain requirements, and difficulty in adapting to new virus variants. 

Ervebo (rVSV-EBOV; V920) 
Ervebo is a live-attenuated, replication-competent, single-dose vaccine originally developed 
and shown to completely protect nonhuman primates (NHPs) by scientists at the Public 
Health Agency of Canada and the US Army [i0]. The recombinant vesicular stomatitis virus 
(rVSV)-based vaccine expresses a functional full-length EBOV GP instead of the native VSV 
GP (rVSV-EBOV), thereby narrowing host tropism specifically toward cell targets of EBOV. 
Despite decades of promising preclinical research in NHPs, clinical development of rVSV-E-
BOV stalled until the 2013 to 2016 West African epidemic. In the face of the looming crisis, 
Phase I/II clinical trials were conducted in healthy volunteers in Europe, Africa, and the US in 
2014 [8]. A single dose of Ervebo was shown to be highly immunogenic in volunteers, produc-
ing robust humoral responses in nearly all recipients. EBOV GP—specific antibody responses 
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were strong after 2 years, indicating that Ervebo is also durable [II]. Adverse effects in vacci-
nees were typically mild [8]. 

Following safety and immunogenicity testing, Ervebo was deployed in Guinea for Phase III 
efficacy evaluation in 2015. Results indicated that the vaccine was "100% effective" as no new 
cases were identified in the vaccinated population 10 days or more after immunization [3]. As 
Ervebo proved a resounding success in an outbreak setting, over 300,000 contacts were immu-
nized with Ervebo during the 2018 to 2020 DRC EBOV outbreak [4,5]. According to prelimi-
nary results, the vaccine was 97.5% effective at stopping EBOV transmission compared to no 
vaccination [4]. The vaccine also has potential as an emergency postexposure prophylactic as 
demonstrated by its use in a laboratory incident [ 12] as well as several NHP studies [ 13]. Cur-
rently, Ervebo is the only vaccine with proven clinical efficacy and US Food and Drug Admin-
istration (FDA) approval. Preexisting immunity to the rVSV vector is of little concern given 
the low seropositivity in the general population and because immune responses are predomi-
nantly directed at the VSV GP, which is absent from the vaccine. For example, previous vacci-
nation of NHPs with a Lassa virus GP precursor-expressing rVSV vaccine did not abrogate 
immunity when NHPs were sequentially immunized with an EBOV GP—expressing rVSV vac-
cine and challenged with EBOV [14]. An ultra-cold chain requirement for long-term storage is 
a disadvantage for Ervebo. 

Zabdeno/Mvabea (Ad26-ZEBOV/MVA-BN-Fi1o) 
The Zabdeno/Mvabea vaccine employs both AdVac technology and MVA-BN technology and 
is delivered in 2 doses: Zabdeno (Ad.26.ZEBOV) is administered first, and Mvabea 
(MVA-BN-Filo) is given approximately 2 months later [8]. Hence, this preventive 2-dose regi-
men is not suitable for an outbreak response where immediate protection is necessary. 

The Zabdeno component is derived from adenovirus serotype 26 (Ad26) and expresses the 
EBOV GP in place of the replication-essential adenovirus early 1 region [ 15]. Unlike Ervebo, 
Zabdeno is unable to replicate in humans. While this attribute may be desirable for a preven-
tive vaccine due to its perceived safety profile, much higher doses are required to elicit a pro-
tective immune response (approximately 72 million infectious unit (i.u.) dose of Ervebo versus 
50 billion i.u. for Zabdeno). The adenovirus surface spike protein is retained in contrast to 
Ervebo, which expands the target cell repertoire. Because Ad26 is associated with human dis-
ease, many individuals may have preexisting immunity against the virus vector (10% to 90% 
depending on geographic location), particularly in EBOV-endemic regions [ 16]. Nevertheless, 
immune responses of Zabdeno/Mvabea-vaccinated subjects were not markedly different 
between seronegative individuals and those exhibiting baseline Ad26 seropositivity [ 17]; it is 
not known whether a subsequent dose or exposure to the same Ad26 vector backbone will 
impact vaccine effectiveness. 

The Mvabea component consists of a modified Vaccinia Ankara virus (MVA) encoding 
GPs from EBOV, SUDV, and Marburg virus (MARV), and TAFV nucleoprotein [ 15]. A multi-
valent filovirus vaccine targeting multiple Ebolavirus species such as Mvabea is optimal for pre-
ventive administration. 

While protective efficacy against MARV and other Ebolavirus species has not yet been dem-
onstrated, preclinical studies indicate a Zabdeno/Mvabea prime-boost immunization provided 
full protection of NHPs against an EBOV challenge [ 18]. Phase I/II/III clinical trials have dem-
onstrated that Zabdeno/Mvabea is safe and elicits strong neutralizing and nonneutralizing 
antibody responses in vaccine recipients along with both CD4+ and CD8+ T cell responses 
[15,17]. During the 2018 to 2020 outbreak, Zabdeno/Mvabea was administered to over 20,000 
individuals, with 9,560 receiving the second dose [19]. A population-level Phase III trial 
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evaluating the efficacy of Zabdeno/Mvabea was initiated in DRC, but that data have not yet 
been reported [ 16]. Due to the absence of efficacy data, predictive efficacy of Zabdeno/Mvabea 
for European Medicines Agency (EMA) approval was based on bridging clinical immunoge-
nicity data with efficacy and immunogenicity data in NHPs [ 15]. The highest protective effi-
cacy for Zabdeno/Mvabea in NHPs was found at a dosing interval of 8 weeks. When given an 
identical clinical dose at this interval, all animals survived. Briefer dosing intervals provided 
less protection: 80% at 42 days and 50% to 57% at 28 days. Based on the pooled immunogenic-
ity data from healthy adults, the mean predicted survival probability was estimated at 53.4%. 
Humoral responses are largely sustained for 2 years but decline to levels > 10-fold lower than 
peak titers. Boosters at approximately 1 year induced anamnestic responses with an approxi-
mate 12- to 55-fold increase in EBOV GP binding antibody titers within a week [ 15]. As the 
protective threshold of circulating antibodies is not established, one cannot ascertain the level 
needed to protect humans from EBOV. Nonetheless, all or most boosted NHPs survived when 
challenged 1.5 years post-primary vaccination. A Zabdeno booster is recommended for indi-
viduals at high risk of Ebola virus exposure if their 2-dose vaccine regimen was completed 
more than 4 months ago. 

cAd3-EBOZ (chAd3-EBO Z) with or without MVA-BN-Filo 
cAd3-EBOZ/MVA-BN-Filo was developed by NIAID/NIH in collaboration with Okairos [8]. 
The vaccine platform is similar to Zabdeno/Mvabea; however, the first dose consists of an 
attenuated chimpanzee adenovirus (cAd3). This feature addresses issues associated with preex-
isting immunity to the vector such as the case with Zabdeno. An optional heterologous booster 
of multivalent Mvabea is administered as a subsequent dose. Phase I/II clinical trials proved 
the vaccine to be well tolerated and immunogenic [20-22]. Most adverse events were self-lim-
ited and mild, indicating that the vaccine is safe. Strong humoral responses were noted in vac-
cinees, particularly after the Mvabea booster. Four weeks after immunization with the CAd3 
vaccine alone, GP-specific antibody responses were slightly lower yet similar to those induced 
by Ervebo, but less durable at 12 months [23]. Neutralization antibody activity and injection 
site reactions were also similar between the 2 vaccines. Human and NHP bridging data pre-
dicted protection of 91% of Malian and 60% of US participants given a single high 1 x 1011

infectious particle dose of cAd3-EBOZ based on reciprocal binding antibody levels; a titer of 
1,000 or higher is hypothesized to confer high-level protection. A subsequent dose of Mvabea 
stimulated anamnestic antibody and CD4/CD8 T-cell responses, suggesting that this booster 
might further boost protection and duration of immunity [23]. 

What are some other vaccines in clinical development? 
CanSino and GamEvac vaccines—platforms derived from rVSV- and adenovirus-based tech-
nologies—are currently licensed for emergency use in China and the Russian Federation, 
respectively (Table 1) [24,25]. Another promising EBOV Phase I vaccine candidate is an addi-
tional rVSV vector, Vesiculovax (Auro Vaccines), which expresses EBOV GP along with a 
highly attenuated form of VSV GP [26,27]. Other EBOV vaccine candidates where Phase I 
trial data have been published include a 2-dose DNA vaccine targeting EBOV [28], a bivalent 
DNA plasmid vaccine targeting EBOV and MARV [29,30], and a 2-dose monovalent nanopar-
ticle recombinant EBOV GP vaccine []j. 

Are there remaining challenges for Ebola virus vaccines? 
While substantial progress has been made in the development of EBOV vaccines, multiple 
questions remain unanswered including the following: (1) what is the durability and the 
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immediacy of immune responses generated by different vaccines; (2) what are the specific cor-
relates and thresholds of protection; (3) do any interactions or interferences exist between vac-
cines and potential therapeutics; (4) what is the safety of these vaccines in special populations, 
particularly pregnant women and the immunocompromised; and (5) can vaccines be formu-
lated to be stable for long-term storage at 2 to 8 n C, which would be useful in endemic areas 

[8]? 
Another major hurdle is mitigating the economic risks for manufacturers and distributors 

of EBOV vaccines since the demand may not be high enough to warrant stockpiling. Out-
breaks also tend to occur in resource-poor countries leaving little financial incentive for com-
mercial development. In January 2021, the International Coordinating Group (ICG) 
comprised of public and private benefactors established an Ebola vaccine stockpile in Sweden 
with the goal of manufacturing 500,000 doses. Stockpiling is an important step toward control-
ling EBOV outbreaks as it is critical for ensuring timely access to vaccines for at-risk popula-
tions [32]. 

Lastly, the most advanced vaccines are solely indicated for protection against one species of 
Ebolavirus: EBOV. Although multivalent vaccines (monovalent cocktails or vaccine vectors 
expressing various GPs) have and are being developed, no studies have specifically evaluated 
immune responses or efficacy against other Ebolavirus species (e.g., SUDV, BDBV, TAFV). 
Future work should focus on the development of vaccines that confer protection across all 
medically relevant species of the genus Ebolavirus, bearing in mind that intraspecies mutations 
may also arise that impact vaccine effectiveness. 

References 
1. Feldmann H, Sprecher A. Geisbert TW. Ebola. N Engl J Med. 2020; 382(19):1832-42. https://doi.org/ 

10.1056/NEJMra1901594 PMID: 32441897.

2. Centers for Disease Control and Prevention. Ebola (Ebola virus disease): History of Ebola Virus Dis-
ease (EVD) Outbreaks [updated June 2021 ] [cited 2021 Oct 4]. Available from: http://www.cdc.gov/vhf/ 
ebola/history/chronology.html. 

3. Henao-Restrepo AM, Camacho A, Longini IM, Watson CH, Edmunds WJ, Egger M, et al. Efficacy and 
effectiveness of an rVSV-vectored vaccine in preventing Ebola virus disease: final results from the 
Guinea ring vaccination, open-label, cluster-randomised trial (Ebola Qa Suffit!). Lancet. 2017; 389 
(10068):505-518. Epub 2016 Dec 23. https:/idoi.org/10.1016/S0140-6736(16)32621-6 PMID: 
28017403.

4. World Health Organization. Preliminary results on the efficacy of rVSV-ZEBOV-GP Ebola vaccine using 
the ring vaccination strategy in the control of an Ebola outbreak in the Democratic Republic of the 
Congo: an example of integration of research into epidemic response. 10 April 2019 meeting report. 
[cited 2021 Oct 4]. Available from: https://www.who.int/csr/resources/publications/ebola/ebola-rinq-
vaccination-results-12-april-2019. pdf. 

5. Masterson SG, Lobel L, Carroll MW, Wass MN, Michaelis M. Herd Immunity to Ebolaviruses Is Not a 
Realistic Target for Current Vaccination Strategies. Front Immunol. 2018 May 9; 9:1025. https:/Idoi.org 
10.3389/fimmu.2018.01025 PMID: 29867992; PubMed Central PMCID: PMC5954026. 

6. Chowell G, Tariq A, Kiskowski M. Vaccination strategies to control Ebola epidemics in the context of 
variable household inaccessibility levels. PLoS Negl Trop Dis. 2019; 13(11):e0007814. https://doi.org/ 
10.1371/iournal.pntd.0007814 PMID: 31751337

7. Skrip LA, Galvani AP. Next Steps for Ebola Vaccination: Deployment in Non-Epidemic, High-Risk Set-
tings. PLoS Negl Trop Dis. 2016 Aug 18; 10(8):e0004802. https://doi.org/10.13711ournal.pntd.0004802
PM ID: 27537602; PubMed Central PMCI D: PMC499031 1. 

8. Ebola Vaccine Team B, Wellcome Trust, CIDRAP. Completing the Development of Ebola Vaccines: 
Current Status, Remaining Challenges, and Recommendations. January 2017 [cited 2021 Aug 1 ]. 
Available from: https://www.cidrap.umn.edu/sites/defauIt/files/public/downloads/ebola_team_b_report_ 
3-011717-final 0. pdf. 

9. Flyak Al, Shen X, Murin CD, Turner HL, David JA, Fusco ML, et al. Cross-Reactive and Potent Neutral-
izing Antibody Responses in Human Survivors of Natural Ebolavirus Infection. Cell. 2016 Jan 28; 164 
(3):392-405. https://doi.org/10.1016/i.cell.2015.12.022 Epub 2016 Jan 21. PMID: 26806128; PMCID: 
PMC4733404. 

PLOS Pathogens I https://doi.org/10.1371/iournal.ppat.1010078 December 9, 2021 7/9 

INQ000508029_0007 



PLOS PATHOGENS 

10. Jones SM, Feldmann H, Stroher U, Geisbert JB, Fernando L, Grolla A, et al. Live attenuated recombi-
nant vaccine protects nonhuman primates against Ebola and Marburg viruses. Nat Med. 2005; 11 
(7):786-90 Epub 2005 Jun 5. https://doi.org/10.1038/nm1258 PMI D: 15937495.

11. Huttner A, Agnandji ST, Combescure C, Fernandes JF, Bache EB, Kabwende L, et al. Determinants of 
antibody persistence across doses and continents after single-dose rVSV-ZEBOV vaccination for 
Ebola virus disease: an observational cohort study. Lancet Infect Dis. 2018; 18(7):738-48. https://doi. 
org/10.1016/51473-3099(18)30165-8 PMID: 29627147

12. Lai L, Davey R, Beck A, Xu Y, Suffredini AF, Palmore T, et al. Emergency postexposure vaccination 
with vesicular stomatitis virus-vectored Ebola vaccine after needlestick. JAMA. 2015 Mar 24-31; 313 
(12):1249-55. https://doi.org/10.1001/Iama.2015.1995 PMID: 25742465; PubMed Central PMCI D: 
PMC4874522. 

13. GeisbertTW, Feldmann H. Recombinant vesicular stomatitis virus-based vaccines against Ebola and 
Marburg virus infections. J Infect Dis. 2011; 204(Suppl3):S1075-S1081. https://doi.org/10.1093/infdis/ 
jirl 349 PMID: 21987744

14. Marzi A, Feldmann F, Geisbert TW, Feldmann H, Safronetz D. Vesicular stomatitis virus-based vac-
cines against Lassa and Ebola viruses. Emerg Infect Dis. 2015; 21(2):305-7. https://doi.org/10.3201/ 
eid2102.141649 PMID: 25625358.

15. European Medicines Agency. Committee for Medicinal Products for Human Use (CHMP) Mvabea 
Assessment report: EMA/323668/2020 (procedure No. EMEA/H/C/005343/0000). 28 May 2020 [cited 
2021 Aug 1]. Available from: https://www.ema.europa.eu/en/documents/assessment-report/mvabea-
epar-public-assessment-report_en.pdf. 

16. Custers J, Kim D, Leyssen M, Gurwith M, Tomaka F, Robertson J, et al. Brighton Collaboration Viral 
Vector Vaccines Safety Working Group (V3SWG). Vaccines based on replication incompetent Ad26 
viral vectors: Standardized template with key considerations for a risk/benefit assessment. Vaccine. 
2021 May 21; 39(22):3081-3101. https://doi.org/10.1016/i.vaccine.2020.09.018 Epub 2020 Oct 3. 
PM ID: 33676782.

17. Milligan ID, Gibani MM, Sewell R, Clutterbuck EA, Campbell D, Plested E, et al. Safety and Immunoge-
nicity of Novel Adenovirus Type 26- and Modified Vaccinia Ankara-Vectored Ebola Vaccines: A Ran-
domized Clinical Trial. JAMA. 2016; 315(15):1610-23. https://doi.org/10.1001/jama.2016.4218 PMID: 
27092831.

18. Callendret B, Vellinga J, Wunderlich K, Rodriguez A, Steigerwald R, Dirmeier U, et al. A prophylactic 
multivalent vaccine against different filovirus species is immunogenic and provides protection from 
lethal infections with Ebolavirus and Marburgvirus species in non-human primates. PLoS ONE. 2018 
Feb 20; 13(2):e0192312. https://doi.org/10.1371/iournal.pone.0192312 Erratum in: PLoS ONE. 2018 
Apr 24;13(4):e0196546. PMID: 29462200; PMCID: PMC5819775. 

19. World Health Organization. Ebola virus disease- Democratic Republic of Congo External Situation 
Report 98. 23 Jun 20 [cited 2021 Oct 18]. Available from: https://apps.who.int/iris/bitstream/handle/ 
10665/332654/S ITR E PEV DD RC20200623-eng. pdf. 

20. Ewer K, Rampling T, Venkatraman N, Bowyer G, Wright D, Lambe T, et al. A Monovalent Chimpanzee 
Adenovirus Ebola Vaccine Boosted with MVA. N Engl J Med. 2016; 374(17):1635-46. Epub 2015 Jan 
28. https://doi.org/10.1056/NEJMoa1411627 PMID: 25629663.

21. Tapia MD, Sow SO, Lyke KE, Haidara FC, Diallo F, Doumbia M, et al. Use of ChAd3-EBO-Z Ebola virus 
vaccine in Malian and US adults, and boosting of Malian adults with MVA-BN-Filo: a phase 1, single-
blind, randomised trial a phase 1 b, open-label and double-blind, dose-escalation trial, and a nested, 
randomised, double-blind, placebo-controlled trial. Lancet Infect Dis. 2016; 16(1):31-42. Epub 2015 
Nov 4. https://doi.org/10.1016/S1473-3099(15)00362-X PMID: 26546548.

22. Venkatraman N, Ndiaye BP, Bowyer G, Wade D, Sridhar S, Wright D, et al. Safety and Immunogenicity 
of a Heterologous Prime-Boost Ebola Virus Vaccine Regimen in Healthy Adults in the United Kingdom 
and Senegal. J Infect Dis. 2019; 219(8):1187-97. https://doi.org/10.1093/infdis/1iy639 PMID: 30407513.

23. Tapia MD, Sow SO, Lyke KE, Haidara FC, Diallo F, Doumbia M, et al. Use of ChAd3-EBO-Z Ebola virus 
vaccine in Malian and US adults, and boosting of Malian adults with MVA-BN-Filo: a phase 1, single-
blind, randomised trial a phase 1 b, open-label and double-blind, dose-escalation trial, and a nested, 
randomised, double-blind, placebo-controlled trial. Lancet Infect Dis. 2016 Jan; 16(1):31-42. https://doi. 
org/10.1016/S1473-3099(15)00362-X Epub 2015 Nov 4. PMID: 26546548.

24. Dolzhikova IV, Zubkova OV, Tukhvatulin Al, Dzharullaeva AS, Tukhvatulina NM, Shcheblyakov DV, 
et al. Safety and immunogenicity of GamEvac-Combi, a heterologous VSV- and Ad5-vectored Ebola 
vaccine: An open phase I/I1 trial in healthy adults in Russia. Hum Vaccin Immunother. 2017; 13(3):613-
620. Epub 2017 Feb 2. https://doi.org/10.1080/21645515.2016.1238535  PMID: 28152326.

25. Zhu FC, Wurie AH, Hou LH, Liang 0, Li YH, Russell JB, et al. Safety and immunogenicity of a recombi-
nant adenovirus type-5 vector-based Ebola vaccine in healthy adults in Sierra Leone: a single-centre, 

PLOS Pathogens I https://doi.org/10.1371/iournal.ppat.1010078 December 9, 2021 8/9 

INQ000508029_0008 



PLOS PATHOGENS 

randomised, double-blind, placebo-controlled, phase 2 trial. Lancet. 2017 Feb 11; 389(10069):621-
628. https://doi.org/10.1016/SO140-6736(16)32617-4 Epub 2016 Dec 23. PMID: 28017399.

26. Matassov D, Mire CE, Latham T, Geisbert JB, Xu R, Ota-Setlik A, et al. Single-Dose Trivalent Vesiculo-
Vax Vaccine Protects Macaques from Lethal Ebolavirus and Marburgvirus Challenge. J Virol. 2018 Jan 
17; 92(3):e01190-17. https://doi.org/10.1128/JVI.01190-17 PMID: 29142131; PubMed Central PMCID: 
PMC5774882. 

27. Clarke DK, Xu R, Matassov D, Latham TE, Ota-Setlik A, Gerardi CS, et al. Safety and immunogenicity 
of a highly attenuated rVSVN4CT1-EBOVGP1 Ebola virus vaccine: a randomised, double-blind, pla-
cebo-controlled, phase 1 clinical trial. Lancet Infect Dis. 2020 Apr; 20(4):455-466. Epub 2020 Jan 14. 
https://doi.org/10.1016/S1473-3099(19)30614-0 PMID: 31952923.

28. Martin JE, Sullivan NJ, Enama ME, Gordon IJ, Roederer M, Koup RA, et al. A DNA vaccine for Ebola 
virus is safe and immunogenic in a phase I clinical trial. Clin Vaccine Immunol. 2006; 13(11):1267-77. 
Epub 2006 Sep 20. https://doi.org/10.1128/CVI.00162-06 PMID: 16988008. 

29. Sarwar UN, Costner P, Enama ME, Berkowitz N, Hu Z, Hendel CS, et al. Safety and immunogenicity of 
DNA vaccines encoding Ebolavirus and Marburgvirus wild-type glycoproteins in a phase I clinical trial. J 
Infect Dis. 2015; 211(4):549-57. Epub 2014 Sep 14. https://doi.org/10.1093/infdis/iiu511 PMI D: 
25225676.

30. Kibuuka H, Berkowitz NM, Millard M, Enama ME, Tindikahwa A, Sekiziyivu AB, et al. Safety and immu-
nogenicity of Ebola virus and Marburg virus glycoprotein DNA vaccines assessed separately and con-
comitantly in healthy Ugandan adults: a phase 1 b, randomised, double-blind, placebo-controlled clinical 
trial. Lancet. 2015; 385(9977):1545-54. Epub 2014 Dec 23. https://doi.org/10.1016/S0140-6736(14) 
62385-0 PMID: 25540891.

31. Fries L, Cho I, Krahling V, Fehling SK, Strecker T, Becker S, et al. Randomized, Blinded, Dose-Ranging 
Trial of an Ebola Virus Glycoprotein Nanoparticle Vaccine With Matrix-M Adjuvant in Healthy Adults. J 
Infect Dis. 2020; 222(4):572-82. https://doi.orcl/10.1093/infdis/iiz518 PMID: 31603201.

32. World Health Organization. UNICEF, WHO, IFRC and MSF announce the establishment of a global 
Ebola vaccine stockpile. 2021 Jan 12 [cited 2021 Oct 4]. Available at: https://www.who.int/news/item/ 
12-01-2021-unicef-who-ifrc-and-msf-announce-the-establishment-of-a-global-ebola-vaccine-stockpile. 

PLOS Pathogens I https://doi.org/10.1371/iournal.ppat.1010078 December 9, 2021 9/9 

INQ000508029_0009 


