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Filovirus vaccines as a response paradigm
for emerging infectious diseases

M| Check for updates

Andrea Marzi® < & Heinz Feldmann®

Nowadays, filovirus vaccine development may be seen as a paradigm for our response capabilities to
emerging and re-emerging infectious diseases. Specifically, the West African Ebola virus disease
(EVD) epidemic accelerated countermeasure licensure for several vaccine and therapeutic products.
Those products have been successfully used to control EVD outbreaks in Central Africa over the past
years. This positive development, however, has not yet reached beyond EVD. Therefore, it is pertinent
to increase our efforts in the development of countermeasures for other human pathogenic members
of the family Filoviridae as they continue to threaten public health in Sub-Saharan Africa. This review
article summarizes the current filovirus vaccines in preclinical macaque studies and human clinical
trials and discusses the most promising recent advancements.

Filoviruses are a family of enveloped, non-segmented, negative-strand RNA
viruses and are mainly endemic to Africa. The family is divided into several
virus genera, but outbreaks of human disease have only been caused by
ebolaviruses and marburgviruses'. Infection with the most prominent
members—Ebola virus (EBOV) or Marburg virus (MARV)—causes
hemorrhagic disease with case fatality rates of up to 90%'. Outbreaks of
human disease are believed to originate from zoonotic spillover events from
the reservoir, likely bats, or other end host species such as nonhuman
primates (NHPs), both sources of nutrition in the endemic areas. Bats are
the reservoir of MARV” and have long been speculated to be the reservoir for
ebolaviruses'. EBOV and MARY recently caused disease outbreaks in areas
outside of their known endemic zones which may be attributed to an
expanding interface between reservoir species and the human host driven by
changes in the environment, economy, public health and human behavior.
Human-to-human transmission through persistently infected survivors has
been suspected for a long time and recently been confirmed; however, its
contribution to causing future outbreaks remains unclear but a worrying
probability™.

The 2013-2016 West African EBOV disease (EVD) epidemic accel-
erated countermeasure development and licensure for several products
specific to EBOV in the diagnostic, vaccine, and treatment sector. As a result,
two EBOV vaccines—Ervebo (based on vesicular stomatitis virus (VSV);
also known as VSV-EBOV or rVSV-ZEBOV)’ and the prime-boost com-
bination of Zabdeno (based on adenovirus (Ad); also known as Ad26-
EBOV) and Mvabea (based on modified vaccinia Ankara (MVA); also
known as MVA-BN-filo)°—have been approved for human use by US,
European and African authorities (Table 1). In recent years, these vaccines
along with the monoclonal antibody-based therapeutics Ebanga (also
known as ansuvimab; single monoclonal antibody)’” and Inmazeb (also

known as REGN-EB3; cocktail of 3 monoclonal antibodies)® have been
successfully used to combat EVD outbreaks in the Democratic Republic of
the Congo (DRC)’. However, these approved vaccines and treatments are
specific to EBOV with limited to no use against other ebolaviruses and
MARV™. 1t is therefore pertinent to continue the development of coun-
termeasures for other ebolaviruses, like Sudan virus (SUDV) and Bundi-
bugyo virus (BDBV), and MARY as they continue to cause human disease
outbreaks albeit with lower case fatality rates (SUDV ~50%, BDBV ~33%)""
and pose a threat to public health in Africa”.

Several vaccine platforms have been explored harnessing their
advantages for rapid onset of protection and/or durability of the pro-
tective immune response. VSV-based vaccines are live-attenuated viral
vectors administered as single-dose vaccines known to elicit protective
immunity within 7-10 days of vaccination'*""". This vaccine platform
has also demonstrated limited post-exposure efficacy in NHPs for
filoviruses'®"”. The cAd3 vaccines have also demonstrated fast-acting
potential in NHPs, however, no confirmative human data are yet
available'’. Other platforms used to develop multi-dose approaches
include protein-based subunit vaccines” and non-replicating viral
vectors including heterologous prime/boost candidates” known to
elicit durable immunity.

Preclinical efficacy studies in a variety of animal models are critical for
the clinical development and licensure of filovirus vaccines. While rodent
models (mice, hamster and Guinea pigs) are excellent screening models for
filoviruses, ultimately NHP studies are needed to establish the protective
efficacy of a filovirus vaccine™'. This fact was recently highlighted when a
bivalent EBOV and SUDV vaccine achieved great immunogenicity in NHPs
and humans yet failed to provide any protection against lethal SUDV
challenge in the macaque disease model™.
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In use and recommended by WHO
In use and recommended by WHO

Largely limited to use by Russia
Largely limited to use by China

Comments

GamEvac-Combi
Zabdeno & Mvabea

Product
Ervebo

Licensed in Europe, Africa; 2020

Licensed in Russia; 2015
Licensed in China; 2017
Licensed in USA, Europe,

Status
Africa; 2019

Approach
Prime-boost
Prime
Prime-boost

MVA: EBOV-Mayinga GP

Ad26: EBOV-Mayinga GP

MARV-Musoke GP

EBOV-Makona GP
TAFV NP

Antigen used
EBOV-Makona GP
EBOV-Kikwit GP
SUDV-Gulu GP

Target Species
EBOV
EBOV
EBOV
EBOV

Table 1 | Summary of species-specific filovirus vaccines with preclinical efficacy in NHP models

Vaccine

VSV-EBOV & Ad5-EBOV
Ad5-EBOV

VSV-EBOV

Ad26-EBOV & MVA-BN-filo

Clinical trials, phase | Clinical development supported by BARDA

not disclosed

SuUDV
SuUDV

cAd3-SUDV
VSV-SUDV

International AIDS Vaccine Initiative

Preclinical

Prime

SUDV-Boneface GP

Clinical trials, phase | Development ceased

EBOV-Makona GP & SUDV-Boneface GP

BDBV GP
TAFV GP

EBOV & SUDV

BDBV
TAFV

ChAdOx-biEBOV

VSV-BDBV
VSV-TAFV

VSV-MARV
VSV-MARV

Currently not a priority

Preclinical

Prime

Not a priority —only a single non-lethal human case known

Preclinical

Prime

Public Health Vaccines

Clinical trials, phase |

Prime

MARV-Angola GP

MARV

International AIDS Vaccine Initiative

Preclinical

Prime

MARV-Musoke GP

MARV

Auro Vaccines

Preclinical

Prime

MARV MARV-Angola GP

VSV-N4CT1-MARV
cAd3-MARV

Sabin Vaccine Institute

Clinical trials, phase |

Prime & prime-boost

MARV-Angola GP

MARV

Increased surveillance and advanced sequence technologies have
resulted in the discovery of novel filoviruses allowing for virus isolation
(Lloviu virus, LLOV)™ or generation of recombinant viruses using reverse
genetics systems (Bombali virus, BOMV)****. However, little is known about
the pathogenic potential of these bat-derived viruses in other species
including humans complicating countermeasure development and high-
lighting a knowledge gap that needs to be addressed.

With the approval of EBOV vaccines and therapeutics, the focus in the
filovirus countermeasure field has shifted to SUDV and MARV™ as well as
pan-filovirus approaches to enable a quick public health response to control
filovirus disease outbreaks. This review summarizes the current state of
filovirus vaccine development with a focus on preclinical macaque and
human clinical trial data for vaccine candidates with trajectory towards
approval.

EBOV vaccines

Globally, there are currently 4 EBOV vaccines which were approved by
regulatory authorities in the wake of the 2013-2016 West African EVD
epidemic. Russia was the first country to approve a heterologous prime-
boost vaccine consisting of VSV-EBOV (based on the VSV glycoprotein-
deleted platform, VSVAG) and Ad5-EBOV (GamEvac-Combi) in 2015 for
emergency use. Then, in 2017, China approved its Ad5-based EBOV
vaccine”. Finally, in 2019, the European and US authorities approved two
vaccines, VSV-EBOV and the prime-boost combination Ad26-EBOV/
MVA-BN-filo™. Approvals for both vaccines have recently been updated to
include children 12 months and older in addition to adults®”’. Numerous
countries in Africa and the WHO have approved the use of the latter two
vaccines for broader population-based vaccination with the VSV-EBOV
vaccine also authorized for use as an emergency vaccine during
outbreaks™”". This vaccine is fast-acting in NHPs" and humans'* and has
recently been shown to indeed reduce mortality by 50% in vaccinated people
during outbreaks”. EBOV vaccine development did not cease with the
approvals of the above products as it remains the main cause of filovirus
disease outbreaks and is included in all multivalent or pan-filovirus vaccine
efforts discussed below.

SUDV vaccines

The 2022 SUDV outbreak in Uganda™ brought this virus into the spotlight
of filovirus research and particularly countermeasure development. A
WHO panel ranked the available vaccines in the following order of priority:
the VSV-SUDV (based on the VSVAG platform), the chimpanzee Ad (cAd
or ChAd)-based SUDV-specific vaccine cAd3-SUDV, and the ChAd-based
EBOV/SUDV bivalent vaccine, ChAdOx-biEBOV ™. Clinical-grade vaccine
doses of ChAdOx-biEBOV, cAd3-SUDV, and VSV-SUDV were shipped to
Uganda for emergency use under a clinical trial protocol™ and arrived
~80 days after the outbreak was declared". Despite all these efforts, the
international response was too slow, and the outbreak ended before vacci-
nations could be implemented. Critique with the response to this outbreak
has been voiced™ including the need for faster vaccine deployment in pre-
paration for future outbreaks. Of the three vaccines shipped to Uganda in
2022, there are two vaccine platforms ahead in development: cAd3-SUDV
and VSV-SUDV. The ChAdOx-biEBOV vaccine did not demonstrate a
protective benefit in a recent preclinical NHP study and development has
ceased”. However, a phase 1 clinical trial was conducted (NCT05079750)
with data not yet being released. The cAd3-SUDV vaccine has been shown
to protect macaques from lethal SUDV challenge’ and is immunogenic
with an acceptable safety profile at doses of 1x 10" and 1 x 10" particle
units (PU) in a recently published phase 1 clinical trial (NCT04041570)*.
The single dose vaccination elicited antigen-specific antibodies in 78% of
clinical trial participants within 2 weeks of vaccination and were durable up
to 48 weeks. Neutralizing titers and T cell responses were also detected
during the trial in most participants®. The VSV-SUDV vaccine protects
NHPs within 4 weeks when administered by itself or in combination with
other VSV-based vaccines™*’. Currently, this vaccine is in clinical devel-
opment. Finally, there is also an adjuvanted SUDV GP-based subunit

npj Vaccines| (2024)9:186


www.nature.com/npjvaccines

https://doi.org/10.1038/s41541-024-00985-y

Review article

vaccine in development which is protective as a fresh and thermostable
formulation after 3 doses in macaques'”*'. This vaccine is moving towards
clinical development.

BDBYV vaccines

BDBYV is the latest of the human-pathogenic ebolaviruses. It was identified
in the Bundibugyo district in Western Uganda following an outbreak of
hemorrhagic disease in 2007 in humans with a case fatality of ~40%"**. In
2012, BDBV re-emerged in the DRC causing an outbreak with ~54% case
fatality rate™. Early after the initial outbreak, a macaque study showed some
yet limited cross-protection against BDBV with VSV-EBOV or VSV-Tai
forest virus (TAFV)®. This study was challenging to interpret, as BDBV
infection is not uniformly lethal in macaques—a contrast to other filo-
viruses. In 2013, a VSV-BDBV vaccine expressing the BDBV GP was
developed on the VSVAG platform and tested in macaques. A single dose of
this vaccine was shown to uniformly protect macaques from BDBV infec-
tion and lethal disease"’. Even though this virus has not re-emerged, vaccine
development should continue as BDBV is known to be pathogenic for
humans.

TAFV vaccines

Associated with only a single, non-fatal human case of disease con-
tracted in Cote d’Ivoire, efforts in studying TAFV have been limited
since its discovery in 1994*. However, with several filovirus out-
breaks occurring in West Africa in the recent decade’*, TAFV is of
differential diagnostic importance and remains a pathogenic filovirus
in humans. VSV-TAFV (based on the VSVAG platform) is the only
vaccine studied for protective efficacy in macaques against TAFV
challenge so far®’. A single dose was shown to be uniformly protective
against lethal TAFV challenge with the vaccinated macaques not
developing any signs of disease or viremia®. As stated above, this
vaccine had been shown to provide limited cross-protection against
BDBV infection”. The VSVAG platform vaccines had previously
demonstrated cross-protection against TAFV infection when a 1:1:1
blend of 3 VSV vaccines (VSV-EBOV, VSV-SUDV and VSV-MARYV)
was administered 4 weeks before lethal challenge. Uniform protection
was achieved in the VSV blend group compared to 40% in the
control group”™. TAFV GP antibodies have also been demonstrated
with Ad26 and Ad35 vaccination blending vectors expressing mul-
tiple filovirus GPs, however, no TAFV challenge was performed®".
Lastly, MVA-BN-filo vector expresses the TAFV NP in combination
with the SUDV GP, EBOV GP, and MARV GP but has never
been evaluated against lethal TAFV challenge™. The cross-protective
potential of this vaccine vector in combination with Ad26 vectors is
discussed below.

MARYV vaccines

While MARV was the first filovirus to be discovered in 1967, it has
not caused as many outbreaks of human disease compared to
EBOV™>. The two major outbreaks occurred in the Democratic
Republic of Congo from 1997-2000 (154 cases, 128 fatalities) and
Angola 2004-2005 (252 cases, 227 fatalities), yet MARV has not been
as well-studied as EBOV™. This is also reflected in the progress made
in countermeasure development. To date, there are 6 MARV -specific
vaccines in preclinical and clinical development—one subunit vac-
cine, 3 vaccines based on the VSV platform, and 2 on the Ad plat-
form. The subunit vaccine is composed of MARV GP and CoVaccine
HT adjuvant and has demonstrated uniform protection in macaques
after 3 doses”. This vaccine does not confer a rapid onset of pro-
tection, but the protective responses may be more durable. The VSV-
N4CT1-MARV from Auro vaccines, a genetically altered VSV plat-
form including the VSV glycoprotein, expresses the MARV-Angola
GP as an additional open reading frame leading to uniform protec-
tion when a single high dose is administered prior to lethal MARV
challenge. If this vaccine is administered closer to challenge (5 or

3 days prior), efficacy drops to 80% or 20% survival, respectively™".
This is in contrast to VSV-MARYV (expressing the MARV-Angola GP
on the VSVAG platform) for which vaccination with a single high
dose even 3 days prior to infection leads to 75% survival in lethally
MARYV challenged macaques”. This vaccine is highly immunogenic
and protects by eliciting a humoral as well as cellular responses™.
Recently, this vaccine demonstrated uniform protection at a low dose
within 7 days®, and is currently in clinical development by Public
Health Vaccines with clinical trial data pending (NCT06265012).
The last VSV-based MARV vaccine is the original version of VSV-
MARV expressing the MARV-Musoke GP in the VSVAG platform
which demonstrated uniform protection in macaques within
28 days' and durability of the uniformly protective response up to
407 days”’. This vaccine is in clinical development by the Interna-
tional AIDS Vaccine Initiative™.

The 2 non-replicating viral vector vaccines are based on ChAd/cAd,
namely ChAdOx-MARV (Oxford University) and cAd3-MARV (Sabin),
expressing the MARV-Angola GP. There is no published data for the
ChAdOx-MARYV vaccine, but the cAd3-MARV has been shown to offer
rapid (7 days before challenge) and durable (6 months before challenge)
uniform protection in macaques with a single high dose'®. After 12 months,
the survival rate in single dose vaccinated macaques drops to 75%'. The
cAd3-MARYV is the only vaccine with available human clinical trial data. Ina
phase 1 trial in the USA the vaccine was shown to be immunogenic with an
acceptable safety profile at doses of 1x10" and 1x10" PU
(NCT03475056). Of the 40 participants 95% developed MARV GP-
specific IgG 4 weeks after vaccination and the response remained measur-
able in 70% of the participants at 48 weeks™. A phase 2 clinical trial is
currently ongoing in Uganda (NCT05817422).

Multivalent filovirus vaccines
Since several human-pathogenic filoviruses overlap in their endemic areas
of West, Central and East Africa, there is a push towards the development of
pan-filovirus vaccines. Currently, there are several platforms in develop-
ment for multi-valent approaches.

Bivalent subunit vaccines combining the insect cell-expressed GPs of
EBOV and SUDV or EBOV and MARV with the adjuvant CoVaccine HT
have been shown to uniformly protect macaques from lethal EBOV, SUDV,
and MARYV challenge after 3 doses'”. In addition, the adjuvanted SUDV GP
and MARV GP combination has uniformly protected SUDV- or MARV-
challenged macaques after 3 vaccine doses”. Both formulations of these
bivalent vaccines do not confer a rapid onset of protection, however, they are
suitable for population-based vaccination particularly in the thermostable
formulation. As adjuvanted subunit vaccines, adverse events are expected to
be limited, however, the required 3 doses for protective efficacy presents a
challenge for roll-out in rural filovirus endemic areas.

As stated above, while presumably immunogenic in a phase I clinical
trial,a ChAdOx-biEBOV expressing both the EBOV GP and SUDV GP was
not protective against lethal SUDV infection in macaques and development
has ceased®®. Based on the Ad26 platform, a trivalent filovirus vaccine
consisting of Ad26-filo (a 1:1:1 blend of Ad26-EBOV, Ad26-SUDV and
Ad26-MARV) and MVA-BN-filo has been shown to protect as a prime/
boost strategy against lethal SUDV and MARV challenge in NHPs™.
Notably, when MVA-BN-filo was administered first and Ad26-filo used as a
boost, the protective efficacy decreased™. The safety and immunogenicity of
doses as high as 9 x 10" PU of Ad26-filo and 5 x 10 infectious units of
MVA-BN-filo administered 14 or 56 days apart was evaluated in a phase 1
clinical trial (NCT02860650). The study reports no serious adverse events
after vaccination and 21 days after the boost vaccination all study partici-
pants had measurable binding antibody serum titers to the 3 filovirus GP
antigens™. Neutralization activity was robust for EBOV, but suboptimal for
SUDV and MARV™. This vaccine has not yet been moved further along in
clinical development.

The VSV platform has also been explored for mediating pan-filovirus
immunity. In 2009, single-dose vaccination with a blend of VSV-EBOV,
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Fig. 1 | Development stages of filovirus vaccines in the USA. The cartoon indicates the development stages of different filovirus vaccines. Credit: NIAID.

VSV-SUDV and VSV-MARYV provided uniform protection to macaques
challenged with EBOV, SUDV, MARV or the heterologous TAFV™.
However, no further studies have followed up on this concept using the
VSVAG vector. In contrast, Auro vaccines developed their VSV vector
(VSV-N4CT1 including the VSV glycoprotein) into a trivalent formulation
by blending vectors expressing EBOV GP, SUDV GP and MARV GP in a
1:1:1 ratio. A single dose protected all macaques from lethal challenge with
EBOV, SUDV, or MARV™. Because filoviruses share their endemic areas
with Lassa virus (LASV), the next study examining protection included a
VSV vector expressing the LASV GP in the previously described trivalent
blend. Administration of 2 doses (56 days apart) of this tetravalent blend
(1:1:1:1 ratio) was uniformly protective against lethal challenge with EBOV,
SUDV, MARYV, and LASV in macaques(’o. Most recently, a study investi-
gating the rapid onset of protection using a pan-filovirus vaccine (1:1:1:1
blend of VSV-N4CT1-EBOV, VSV-N4CT1-SUDV, VSV-N4CT1-MARYV,
and VSV-N4AG-BDBYV) reported uniform protection within 7 days of
vaccination for macaques challenged with SUDV, BDBV and MARYV;
however, EBOV challenge resulted in only 80% survival®'.

Future challenges

Filovirus vaccine development has generated licensed products for
EVD but products for other human pathogenic filoviruses are not
even close to the finish line. Efforts are being intensified to bring the
most promising products, particularly for SUDV and MARYV, from
preclinical to clinical development and to licensure to cover potential
reemergence in the African endemicity zones. These efforts include
several new vaccine approaches based on updated platforms and new
technologies which have yet to demonstrate preclinical efficacy in
NHPs. In addition, mediation strategies need also be implemented
for truly emerging, novel human-pathogenic filoviruses. As the

development of these countermeasures is dependent on the con-
tinued infectious disease and public health interest and funding,
efforts communicating these needs and bringing them to the stake-
holders’ attention is critical.

Vaccine production for clinical use and vaccine storage for emergency
release during outbreaks are challenging issues. The most effective way
would likely be production in a developed country to use existing knowledge
and facilities and storage in endemic regions for immediate and hopefully
less complicated release in case of outbreaks. Currently largely unanswered
questions relate to shelf-life time, storage temperature, and cold chain
requirements of the different products. Continuation of these efforts
requires further studies and appropriate funding.

Cross-protective vaccines would be helpful to cover the variation
among human pathogenic filoviruses. However, single cross-protective
vaccines would be preferred but are currently not available. Currently, cross-
protective approaches include heterologous prime-boost and blending of
vaccine candidates. Preclinical cross-protection studies may be difficult to
interpret as protective efficacy is easier demonstrated in rodent than
macaque models™. Taking this a step further, an extrapolation of cross-
protective responses from macaques to humans is complicated as animal
models use artificial exposure routes including intramuscular and intra-
peritoneal while natural filovirus infection is believed to occur mucosally'.
Recent studies demonstrating disease in macaques after mucosal exposure
are aiding in addressing this knowledge gap®**’.

Except for MV A-BN-filo, currently all filovirus vaccines, approved or
in development, use the GP as the viral immunogen. Other viral proteins
have been evaluated as immunogens especially for EBOV but with limited
success”. Data from existing studies mapping immune responses to epi-
topes and other insightful details may inform the design of antigens espe-
cially those suitable to elicit cross-protective immune responses.
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Finally, a rapid response strategy for vaccine development would be
needed to address truly novel emerging filoviruses. Ideally, this would be
based on existing successful vaccine platforms. To realize this effort,
uncomplicated and immediate sharing of infectious material or virus iso-
lates would be a prerequisite but is currently often not achievable.

Conclusion

Since the 2013-2016 West African EVD epidemic the filovirus field has
come a long way with approved diagnostic tests, vaccines, and treatments
against EBOV. Efforts are ongoing to reach a similar status with approved
countermeasure for SUDV and MARV. There are several approaches in
clinical development with promising initial results particularly on the vac-
cine front and the most recent outbreaks have revived interest and enabled
funding". These efforts should be expanded to include BDBV and TAFV as
they remain the only known human-pathogenic filoviruses without a
countermeasure landscape in considerable stages of development (Fig. 1).
Along the same lines, studies should be intensified to define the pathogenic
potential of novel filoviruses.

While the field is moving into the right direction, one of the biggest
challenges remaining is the timeliness of the public health response after
outbreaks are declared. Agreements are needed between countermeasure
stakeholders, regulatory authorities, and governments to establish a fra-
mework particularly in the endemic areas in Africa to enable a faster public
health response and deployment of vaccines and treatments to control
disease outbreaks. A prerequisite for success is the involvement of African
countries and their public health infrastructure.

Finally, lessons learned from filovirus vaccine development may guide
responses to other infectious disease outbreaks, especially those caused by
zoonotic pathogens. Response strategies, however, must be tailored to the
individual pathogen/disease and there is no universal protocol that fits all.
For instance, outbreaks caused by the likely bat-borne filoviruses are largely
driven by human-to-human transmission, whereas outbreaks driven by the
rodent-borne orthohantaviruses and mammarenaviruses are largely driven
by rodent-to-human and only limited human-to-human transmission. Yet,
implementations of vaccines can follow an analogous pathway for which
EBOV can serve as a response paradigm. Therefore, we should ensure that
preclinical development of vaccines for prioritized pathogens is accom-
plished including clinical grade material production, product storage, and
arrangements for instantaneous, uncomplicated deployment. This will
allow emergency clinical assessment during outbreaks similar to what was
done in West African during the EVD epidemic.
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