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Abstract

Ebolaviruses and Marburgviruses (family Filoviridae) are among the most virulent pathogens for
humans and great apes causing severe haemorrhagic fever and death within a matter of days. This
group of viruses is characterized by a linear, non-segmented, single-stranded RNA genome of
negative polarity. The overall burden of filovirus infections is minimal and negligible compared
to the devastation caused by malnutrition and other infectious diseases prevalent in Africa such
as malaria, dengue or tuberculosis. In this paper, we review the knowledge gained on the eco/
epidemiology, the pathogenesis and the disease control measures for Marburg and Ebola viruses
developed over the last 15 years. The overall progress is promising given the little attention that
these pathogen have achieved in the past; however, more is to come over the next decade given the
more recent interest in these pathogens as potential public and animal health concerns. Licensing
of therapeutic and prophylactic options may be achievable over the next 5-10 years.

1. Introduction

Filoviruses are part of the order Mononegavirales together with the Rhabdoviridae, the
Paramyxoviridae and the Bornaviridae families. In this order, viruses are characterized by

a lipid envelope and a non-segmented single-stranded RNA (ssRNA) genome of negative
polarity [1-3]. Filovirus particles are long filaments shaped in several different forms

such as the number ‘6, the letter ‘U’ or a circle, which give them a rather unique
morphology in the viral world (Fig. 1). Viruses of the Ebolavirus, Marburgvirus, and
Cuevavirus genera are the only representatives of the Filoviridae family. The Ebolavirus
and Marburgvirus genomes are about 19,000 nucleotides long and are transcribed into eight
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major subgenomic mRNAs. These mMRNAS encode seven structural proteins, nucleoprotein
(NP), virion protein 35 (VP35), VP40, glycoprotein (GP), VP30, VP24, and RNA-dependent
RNA polymerase (L), as well as two nonstructural proteins, soluble (sGP) and small

soluble glycoprotein (ssGP) (Fig. 1A-B). Nowadays, seven species of filoviruses have

been identified and classified [4]. Specifically, the genus Ebolavirus is composed of five
recognized species: 7ai Forest ebolavirus (Tai Forest virus, TAFV), Reston ebolavirus
(Reston virus, RESTV), Sudan ebolavirus (Sudan virus, SUDV), Zaire ebolavirus (Ebola
virus, EBOV), and Bundibugyo virus (Bundibugyio virus, BDBV) (Table 1). The genus
Marburgvirus consists of only one species, Marburg margburgvirus, which includes two
viruses with approximately 20% genetic divergence: Marburg virus (MARV) and Ravn virus
(RAVV). Finally, the genus Cuevavirus is composed of one species called L/oviu cuevavirus
(Lloviu virus, LLOV) (Table 1).

Among the seven species of filoviruses, four (SUDV, EBOV, BDBV and MARYV) are
responsible for fatal outbreaks of haemorrhagic fever in Africa, for which there is no
effective treatment. These viruses are also responsible for several outbreaks that contributed
to ecological disasters in terms of population density decreases of chimpanzees and gorillas,
especially in Gabon, Uganda, and the Republic of Congo. The case fatality in human
populations due to EBOV is the highest, with about 90% [2,5]. The other species have lower
case fatality rates, with 42-65% for SUDV [6] and between 34% and 44% for BDBV [7-9].
Marburgvirus infections lead to death in about 24-88% of cases depending on the outbreak
[10,11]. Only one other species, for which unknown virulence has been observed, has been
reported in Africa, the TAFV. Indeed, this TAFV has only been responsible of one non-fatal
human case [12]. The two other species not responsible for outbreaks in human populations
have been identified in Asia and Europe. RESTYV, originating from the Philippines, has been
responsible for infections and death in nonhuman primates. Finally, more recently LLOV,
an Ebola-like filovirus, has been identified in insectivorous bats in Spain [13]. In contrast
to MARV and EBOV that have been reported to asymptomically circulate in bats (evolution
through avirulence), several observations suggested that LLOV might be pathogenic forbats
[13].

Over the past 45 years, the global public health burden of filoviruses has been limited
despite their high virulence and impact on African ecosystems. The extreme virulence and
the communicable nature of these viruses together with the lack of countermeasures made
them biothreat pathogens in the post-Cold war era [14-16]. Since 15 years, research in
biology, ecology, evolution, epidemiology and pathophysiology has remarkably advanced
leading to a better understanding of virus biology and development of therapeutic/antiviral
strategies and candidate vaccines [17-22]. In this paper, we review achievements in the
eco-epidemiology (outbreak history and description), pathogenesis, diagnostic, prophylaxis,
and therapy.

2. Filovirus eco-epidemiology

2.1. Advances in eco-epidemiology, outbreaks history

Marburgviruses and ebolaviruses have caused only a few documented outbreaks since their
discovery 45 years ago. Until 2014, outbreaks have been responsible for 2989 clinical cases
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of which 2068 have died (Tables 1 and 2, and Fig. 2). The overall burden of filoviruses is
low in comparison to others diseases such as malaria or malnutrition.

2.1.2. Marburgviruses outbreaks—The first outbreak of filoviral haemorrhagic fever
happened in 1967 simultaneous in Germany (Marburg and Frankfurt) and Yugoslavia
(Belgrade). A total of 32 laboratory workers got infected after contact with tissue and blood
from African green monkeys (Cercopithecus aethiops) imported from Uganda; seven of
these cases were fatal [23-26]. Since the discovery of this new virus, named Marburg virus,
only a few sporadic incidences with low numbers of infected persons have been reported:
three in South Africa in 1975, two and then one in Kenya in 1980 and 1987 (Table 2). As
the case fatalities of these outbreaks/incidences were lower than those observed for EBOV
outbreaks, MARV was thought to be less threatening. However, following a decade with

no reported cases, MARV was responsible of two large outbreaks characterized by high
fatality rates: one in 1998-2000 in DRC (Durba), which was connected to people working
in underground gold mines (128 deaths; case fatality rate 83%) [27], and the largest one in
2004-2005 in Angola (Uige province, 329 deaths; case fatality rate 88%) [11] (Table 2).
Since these two dramatic episodes, six clinical cases have been recorded among workers in
lead and gold mines in Uganda between 2007 and 2008. The last outbreak occurred in 2012,
in southwestern Uganda and led to 23 clinical cases and 15 deaths (65% case fatality rate).

2.1.3. Ebolaviruses outbreaks—In 1976, the first ebolaviruses were discovered
during two nearby simultaneous outbreaks in Sub-Saharan Africa [28—-30]. One outbreak
occurred in Sudan with a case fatality rate of 53% (Table 2). The Ebolavirus species
responsible of this first outbreak has been identified and named Sudan ebolavirus (SUDV).
The other outbreak occurred in DRC and was caused by the species EBOV resulting in a
case fatality rate of 88% (Table 2). These two filoviruses were isolated from patients in both
countries and have been shown to be morphologically similar to but serologically distinct
from MARYV [28-31]. In 1979, SUDV re-emerged in Sudan with a case fatality rate of
64.7%. Until 1994, no cases were reported over 15 years.

From 1994 to 1997, EBOV re-emerged three times in northern Gabon and once in DRC. It
first occurred in 1995, in and around the town of Kikwit, south DRC, with a case fatality
rate of 81% [32]. Despite the deployment of sophisticated scientific and medical resources,
this outbreak was similar in terms of size as the one in 1976, in Yambuku [33]. In Gabon,
the first episode occurred in 1994 in gold-mining camps located in the heart of the forest
(Mekouka outbreak). The second outbreak occurred in 1996 in the village of Mayibout and
affected mainly children, who carried and butchered a chimpanzee carcass discovered in the
forest. The last outbreak occurred in 1997 in Booue. Imported cases have been reported from
Libreville and South Africa [34-36]. The same period marked the discovery and isolation of
the third Ebola species. TAFV was isolated from a surviving ethnologist, who got infected
by necropsying a dead chimpanzee found in the Tai Forest National Park, Ivory Coast
[37,38] (Fig. 2). After three years without any cases, the largest Ebola outbreak occurred in
2000 in Uganda caused by SUDV [39,40]. From 2001 to 2005, four EBOV outbreaks hit
Gabon, RC and DRC, and two SUDV episodes occurred in Uganda and Sudan. An EBOV
episode occurred in 2001-2002 along the border between northeast Gabon and northeast

J Clin Virol. Author manuscript; available in PMC 2024 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rougeron et al.

Page 4

RC. In 2003, RC was affected twice by EBOV and once in 2005. Concerning SUDV
outbreaks, the largest occurred in Uganda in 2000 in three different foci, causing 173 deaths
and another one happened in Sudan with 7 fatal cases reported. The latest Ebola species
was discovered in 2007 in Uganda. Bundibugyo Ebola virus (BDBV) has been responsible
for a large outbreak causing 116 cases and 30 deaths [41] (Fig. 2). In 2011, two sporadic
fatal cases have been reported, one SUDV infection in Sudan and one EBOV infection in
Uganda [42]. In 2012 and 2013, three outbreaks caused by SUDV occurred: two in Uganda
causing 18 cases and 8 deaths and one in DRC leading to 77 cases and 34 deaths (Table

2). Finally, beginning 2014, Guinea has been touched for the first time in its history by an
outbreak caused by EBOV. In January 2015, this unprecedented epidemic, characterized by
a magnitude never observed before across three districts, killed 1910 out of 2917 patients.
Other cases imported from people who travelled in Guinea weeks ago, have then been
reported in Sierra Leonne and Liberia. Within the next months, the outbreak spread rapidly
and caused 19140 clinical cases and 6885 deaths (WHO report of the 27th of January 2015).

3. Filovirus infection clinical outcome, pathogenesis and immune

responses

3.1. Advances in basic virology, mechanisms of pathogenesis

Even if the scientific advances considerably increased our knowledge of filovirus, we are
still far from understanding clearly the pathogenesis and immune responses of infections
with these pathogens. The four pathogenic filovirus species are known to cause the

most severe haemorrhagic fever syndromes in human and non-human primates, with

case fatality rates in humans of up to 90% [8,11,25,26,30,32,43,44] (Table 2). Following

an incubation period of 2 to 21 days (mean of 4-9 days), human EBOV and MARV
infections show an abrupt disease onset with high fever finally resulting in haemorrhages
and multi-organ failure. The disease appears first with non-specific symptoms such as fever,
headache, nausea, and muscle pain. This is rapidly followed in fatal cases with multi-organ
involvement including gastrointestinal problems (stomach pain, anorexia, vomiting, nausea),
respiratory symptoms (throat and chest pain, shortness of breath, cough,) and neurological
manifestations (prostration, confusion, delirium, seizure). Haemorrhagic manifestations vary
in severity and location, and appear only in 1/3 of patients during the peak of the illness.
This fatal stage is often associated with skin rash, nose bleeding, melena, hematemesis, and
bleeding at venipuncture sites. Patients die in the context of tachypnea, coma, convulsions,
severe metabolic disturbance and shock. In non-fatal disease, fever is present for about 5 to 9
days. Improvements appear rapidly and coincide with the detection of an antibody response
(days 7-11) resulting in clearance of viremia. Prolonged convalescence is frequent with
episodic non-specific symptoms such as asthenia, myalgia, and fever. More specific signs
associated with transient persistence of the virus in immune privileged sites, such as the eyes
and testicles, have been reported [43,45].

Disease is associated with striking virus replication and immune and vascular dysregulation.
Exposure/infection occurs through close contact with skin and secretory products from
infected animals/humans (Fig. 3). Subsequently, virus particles enter the body through
lymphatic and/or blood vessels. Dendritic cells, macrophages and monocytes are the first

J Clin Virol. Author manuscript; available in PMC 2024 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rougeron et al.

Page 5

cells infected by filoviruses [18,46—48]. Because of their extensive distribution among the
different organs and tissues, and their migratory capacity after activation through blood

and lymphatic systems, dendritic cells and macrophages are probably responsible for viral
dissemination and systemic infection [18]. After the infection and replication in primary
target cells, viral particles spread to hepatocytes, endothelial cells, fibroblasts and epithelial
cells [48,49]. Intensive viral replication then occurs in secondary lymphoid organs, spleen,
and liver [1].

Fatal filovirus infections are characterized by a dysregulation of the innate immune
response and the adaptive immunity (Fig. 3). First, infected macrophages and monocytes
lead to aberrant release of soluble inflammatory mediators such as MIP-1a and MCP-1.
These cytokines are known to be involved in the recruitment of additional macrophages

to infected areas. Infected macrophages and monocytes also lead to an increase of

Tumor Necrosis Factor-a (TNF-a), interleukin (IL)-1pB, I1L-6, IL-8, IL-15, IL-16, IL-1
receptor antagonist, soluble TNF receptor, 1L10, NO-, growth regulated oncogene-a, CCL3,
CCL4, CXCL10, monocyte chemotactic protein-1, and eotaxin [1,35,50-56]. This systemic
immune dysregulation (cytokine storm) is particularly prominent in the terminal stages

of the infection resulting in three major biological consequences: (i) vascular leakage
mediated through TNF-a,, NO and other vasoactive compounds that increase endothelial
permeability, decrease of vascular tone and altered endothelial cell functions [1,57-59];

(i) bystander tissue damage mediated through MCP-1 and IL-8 mediators that induce the
expression of adhesion molecules at the surface of endothelial cells and thus allow the
invasion of infection sites by neutrophils and monocytes [60]; (iii) finally, disseminated
intravascular coagulation induced through infected macrophages expressing abundant tissue
factor [52,56,58-64] (Fig. 3). In addition, the massive infection of antigen-presenting cells
results in lymphoid depletion in spleen, lymph node and thymus as well as T lymphocytes
and natural killer cells apoptosis [18,52,56,59,61,62] (Fig. 3). Since lymphocytes are not
infected by EBOV, T cell death could not be linked to a direct viral cytopathic effect,

but would rather result from interactions with infected antigen-presenting cells and soluble
mediators (such as Fas/FasL, TNF/TRAIL) and/or from apoptotic soluble mediators and/or
from superantigenic activity of viral proteins [18,52,56,63]. The early infection of dendritic
cells, the increased expression of TNF-related apoptosis-inducing ligand TRAIL and
bystander apoptosis of lymphocytes could explain the observation of lymphoid apoplasia
and the absence of detectable adaptive immune responses in fatal infections [18,46,64,65].
This is in line with the lack of specific 1gG and barely detectable IgM in fatal cases [33,52].
Specifically, it has been shown that infected dendritic cells produce only a limited panel

of cytokines without full activation and maturation, which may have an impact on their
ability to trigger adaptive immunity [18,46,64,65]. Furthermore, specific filoviral proteins
have the ability to neutralize innate immune responses by counteracting cellular antiviral
defenses (Fig. 3). Specifically, VP35 blocks IFN-a/p synthesis by preventing the activation
of interferon regulatory factors (IFR) IFR-3 and IFR-7 [66—69]. VP35 interferes with the
dsRNA- dependent protein kinase activation [70], and VP30 and VP40 are suppressors

of RNA silencing [71]. Moreover, VP24 inhibits the nuclear accumulation of the tyrosine-
phosphorylated signal transducer and activator of transcription | and thereby neutralizes
IFN-a/p and IFN-+y signaling [72,73]. In this context, the inhibition of IFN-1 synthesis
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seems to be a crucial element in EBOV virulence. Finally, the glycoprotein GP seems to be
involved in immune suppression by inactivation of neutrophils [74-76] and in the activation
of endothelial cells [18,77]. Furthermore, full length GP synthesis was associated with the
induction of cytotoxic effects in human endothelial cells [78].

In opposite, non-fatal and asymptomatic infections are associated with an early and
moderate inflammatory response [53,61]. This response probably assures the control of the
infection and leads to specific immunity. The survival of patients is strongly associated with
an early humoral immune response [52]. T-cell responses seem to be crucial for controlling
the infection. Asymptomatic individuals are characterized by a lack of T cell apoptosis and
by the circulation of activated T cells probably including cytotoxic T lymphocytes [55]. This
has been linked with decreased viremia and recovery from clinical symptoms [52].

The extremely different outcomes of EBOV infections are not well understood and

may depend on the route of infection, the dose of infection, the cell types initially

infected, potentially previously acquired immunity, heterologous immunity or MHC status
[56,63,79]. Studies showed no genetic differences in the coding sequences of virus isolates
from survivors, fatal cases or cases characterized by different clinical symptoms [34,80]
suggesting a limited role of genetic variation on outcome of infection.

4. Diagnostic tests for filoviruses

4.1. Advances in clinical virology: advances in diagnostics and bedside tests

Since rapid confirmation of a filovirus infection through laboratory diagnosis is
fundamental, fast, sensitive and specific tests have been developed. Moreover, confirmatory
tests are recommended to avoid any misdiagnosis and any potential critical social
consequences of it. Blood and tissue samples suspected for filoviruses infections must be
handled in biosafety level 4 laboratory.

Laboratory diagnosis is separated into direct and indirect detection assays. Among the direct
detection assays, five techniques are commonly used: (i) the most widely applied test is
based on reverse transcription polymerase chain reaction (RT-PCR) assay, which allows

the detection of viral RNA in tissues and fluids. This technique has been adapted to the
field [44]. Initial conventional RT-PCR assays needed confirmation by sequencing of PCR
amplicons. Nowadays, real time RT-PCR assays have been implemented for filoviruses
detection with species identification [81] and are superior due to their higher sensitivity

and rapid acquisition of results; (ii) The detection of viral antigen by enzyme linked
immunosorbent assay (ELISA) is still used as the primary diagnostic assay for EBOV
infections and the most widely used confirmatory assay. This test is reasonably sensitive,
highly specific and could be easily applied during the viremic stage of the infection; (iii) the
third way to identify filoviruses is by virus isolation, but it requires several days for tissue
culture and complementary tests for species identification. Inoculation is more efficient
from blood or liver samples than from mucosal swabs or other body fluids. The most
commonly used cell lines for virus isolation and propagation of filoviruses are \ero or Vero
E6 cells (Cercopithecus aethiops, African green monkey kidney). It has to be noticed that
the isolation of SUDV and RESTV needs several passages in cell cultures [31]; (iv) viral
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particles can be demonstrated by electron microscopic analysis of blood, tissue and culture
supernatants [82,83]. Filovirus particles are easy to identify because of their appearance as
long filamentous particles up to 10,000 nm (in average); the diameter of the particles is
uniform with 80 nm (Fig. 1). Further technologies have to be applied to confirm a positive
EM diagnosis; (v) finally, immunohistochemistry allows the detection of filoviral antigens in
clinical material using specific antibodies [84].

Indirect technics are based on antibody detection and their application is limited to late
stages of infection or convalescence: (i) indirect immunofluorescence assay (IFA) has been
the test of choice in the past for epidemiological and seroprevalence studies [85,86]. New
IFI tests have been developed based on recombinant expressed antigens that seem to be
more sensitive and specific than the original IFI using inactivated infected cell lysates [87];
(ii) nowadays antibody detection methods are based on ELISA technology. Quantification
of IgM by immunocapture ELISA technology is applied to identify suspect cases in acute
infection and early convalescence. IgM antibodies appear as early as two to four days after
onset of symptoms, are never very high and usually undetectable 2 months after infection.
In Gabon, studies showed that one third of fatal cases presented specific IgM antibodies
[52,54,55]; (iii) the detection of IgG antibodies is done using classic ELISA technology.
This tests showed that IgG antibodies appear around 8 to 10 days after onset of symptoms
and are still detectable 2 years after infection [88,89]. It has to be noticed that 1gG antibodies
are rarely observed in fatal cases. Thus, IgG ELISA should only be applied for diagnostics
in late stage infections or more commonly during or following convalescence.

Currently, three main methods are used during outbreak investigations: (i) RT-PCR for rapid
and sensitive detection of viral nucleic acid (RNA); (ii) antigen capture ELISA for the
detection of viral antigens during acute phase of the infection; (iii) and antibody ELISA for
identification of IgM and 1gG responses during infection and convalescence, respectively.

5. Treatment and prevention

5.1. Advances in prophylaxis and therapy: vaccine and antivirals

Currently no specific therapy exists for filovirus infections [90,91]. Supportive care is
adopted consisting of rehydration, nutritional supplementation and psychosocial support
[92]. Intravenous fluid replacement to maintain blood volume, blood pressure and electrolyte
balance, as well as analgesics and standard barrier nursing are critical. In the past,
convalescent serums, extracorporal blood treatment with haemosorbent and dialysis, and
IFN were used to treat human filovirus cases, but their efficacy is uncertain [93,94].
Recently, passive transfer of polyclonal and monoclonal antibodies showed efficacy in
rodents, guinea pigs [76,95,96] and macaques models [97,98] and are promising avenues
for future application. One promising approach is to manipulate the coagulation system
by inhibiting the tissue factor pathway with a factor VIla/tissue factor inhibitor [18] or by
activating the natural coagulant protein C pathway with recombinant activated protein C
[99]. However, the survival benefit is still limited. A last approach would be to target viral
replication with small interfering RNA or antisense oligonucleotides [20,100].
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Considering vaccination against Ebola and Marburg viruses, numerous approaches have
been taken (Table 3); however, no licensed vaccine is currently available. The main
challenge is to develop a vaccine conferring cross-protection against heterologous virus
species, including emerging strains and ideally after a single dose injection. Several vaccine
candidates have been tested and showed good efficiency in non-human primates over the
past ten years. The use of virus-like particles to produce EBOV GP as the immunogen

is a promising approach, providing largely sterilizing immunity after a single dose [101-
105]. The first breakthrough came in 2000 and was based on a boost of DNA and

an adenovirus vector vaccine, which showed 80% protection against EBOV infection in
macaques [106]. One limitation of the adenovirus platform is pre-existing immunity in the
human population. These vectors do not replicate in target cells and to induce protective
immunity high doses for vaccination are required [107]. To address this issue, a new
adenoviral vector, characterized by a higher expression rate of the immunogen through
codon-optimization, has been tested in the mouse model and revealed protection using

100 times lower doses [108]. Rhabdovirus vector vaccines offered a very good platform

to generate specific immunity as well as cross-protective immunity for both filoviruses

and rhabdoviruses [109,110]. Attenuated recombinant vesicular stomatitis virus (rvVSV)
vectors expressing the filovirus glycoprotein instead of the VSV glycoprotein have shown
promising results [103]. These vectors conferred complete protection to macaques infected
with homologous virus strains and partially also against challenge with heterologous strains
[102,111,112]. This candidate vaccine confers substantial post-exposure protection when
administrated very rapidly to non-human primates [111,112]. The major advantages of these
vector-based vaccine platforms are the strong immune response to a replication-competent
attenuated vector and very limited pre-existing immunity against VSV in the human
population [113]. Paramyxovirus-based vaccine vectors expressing filovirus glycoproteins
have also shown promising results. A human parainfluenza virus type 3, (HPIV3) based
vector expressing the EBOV GP administered as an aerosol resulted in complete protection
against EBOV challenge of non-human primates [114]. Even in primates with pre-existing
immunity against HPIV3, this vector still replicated and induced immune response [114].
However, even if this vaccine vector could theoretically protect populations at 100%, the
live-attenuated nature of this vector may constitute a safety risk that needs to be further
evaluated. One solution would be to use of paramyxovirus vectors that are only known as
animal pathogens or show less pathogenicity for humans. Along these lines, a new vector
has been designed based on the Newcastle disease virus (NDV), an avian paramyxovirus that
infects the respiratory tract of birds. Tests, based on the administration of recombinant (by
insertion of a gene cassette encoding the hemagglutinin neuraminidase protein of HPIV3)
version of NDV in non-human primates, revealed that NDV was highly attenuated due to
host restriction processes [114]. This makes of NDV a promising vector for the development
of vaccines for emerging human diseases. In this context, vaccine efficacy tests with EBOV
challenge in non-human primates would be interesting to be performed. Finally, virus-like
particles (\VLPs) are a safe alternative platform for vaccination. VLPs are non-replicating
particles that carry certain filoviral immunogens but lack filoviral genetic material and

thus are replication-deficient. VLP based vaccination approaches have been evaluated for
immunogenicity and protective efficacy in rodent as well as non-human primate models
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against homologous EBOV challenge and even heterologous challenge with other Ebola
species [105,115].

Overall, there has been quite some advance in vaccine development for filoviruses over
the past 10 years. However, several concerns must be dealt with prior to human use,

such as safety of viral vectors, possible pre-existing immunity against certain vectors and
formulation of a single-dose cross-protective vaccine [63].

Today, the only way to limit transmission during outbreaks is patient isolation and basic
supportive therapy. The lack of countermeasures against filovirus infections is not only due
to the difficulties to manipulate filoviruses in biosafety level 4 facilities, but also to the

lack of interest by industry because of a missing market due to limited number of affected
people. The more recent increased frequency of EBOV outbreaks [116-118], the discovery
of ebolavirus in a livestock species, the recent discovery of several new filoviruses (LLOV
and BDBV) [12,13,44] and the biothreat potential presented by filoviruses have increased
the attention to these viruses and will drive research into countermeasure development in the
near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) A schematic illustration of a filovirus particle is presented. Four proteins are involved

in the formation of the ribonucleoprotein complex: polymerase or large protein (L),
nucleoprotein (NP), virion structural protein 30 (VP30), VVP35. The glycoprotein (GP) is

a type | trans membrane protein and is anchored with the carboxy-terminal part in the virion
membrane. The soluble GP (sGP) is a non-structural glycoprotein secreted from infected
cells and is only secreted by Ebolaviruses. VP40 and VP24 are membrane-associated
proteins. (B) Schematic representation of Ebola virus (EBOV) and Marburg virus (MARV)
genomes.
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Fig. 2.
Reported outbreaks or isolated cases of haemorrhagic fever caused by marburgviruses

(MARYV, represented in green) and Ebolaviruses (EBOV, TAFV, SUDV, and BDBY,
represented in red) in Africa.
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Pathogenesis model, based on findings with EBOV (Zaire ebolavirus). Viruses enter the
body through lymphatic and/or blood vessels. Dendritic cells and macrophages are the

first cells to be infected by filoviruses. The virus spreads from the initial site of infection

to secondary lymphoid organs and liver where intense replication takes place in other

cells of the host organisms (hepatocytes, endothelial cells, fibroblasts and epithelial cells).
The extensive infection of antigen-presenting cells (APC) leads to altered inflammatory
responses and uncontrolled release of mediators. This contributes to the pathogenesis by
attracting inflammatory responses followed by further and uncontrolled release of mediators.
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