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RESUME

Ebolavirus (EBOV) est un filovirus responsable de fievres hémorragiques virales sévéres chez
’humain, qui peuvent étre létales dans 90% des cas. L’'actuelle épidémie en République
Démocratique du Congo et 'ampleur démesurée de I'épidémie de 2014-2016 en Afrique de
I'Ouest, qui a causé la mort de plus de 11 000 personnes, ont poussé les agences sanitaires
internationales a tester plusieurs approches thérapeutiques afin d’essayer d’endiguer
rapidement la propagation virale et de limiter la mortalité liée au virus lors de futures épidémies.
Parmi toutes les stratégies testées, le virus recombinant réplicatif rVSV-ZEBOV qui exprime
la glycoprotéine de surface d’EBOV, semble offrir la meilleure protection, aussi bien en modéle
animaliers que sur le terrain. Avant d’étre testé chez I'’humain, de nombreuses études ont
permis de mettre en évidence I'efficacité et I'innocuité de ce vaccin prototype. Pourtant et
malgré le fait que de nombreuses études ont démontré l'importance et le réle de la
glycoprotéine GP dans I'efficacité des vaccins contre ce virus, aucune étude n’a encore été
réalisé sur la nature des glycoprotéines virales synthétisées par le géne GP d’EBQOV inséré
dans le génome du virus VSV. Ainsi, les caractérisations moléculaires des protéines virales
produites lors de l'infection par le virus rVSV-GP décrites dans ces travaux de thése offrent de
nouvelles perspectives pour comprendre le succés de ce vaccin mais aussi I'origine virales
dans les effets secondaires sévéres observés lors de la vaccination, et pourront aider a
développer un vaccin plus s0r, qui n'est actuellement pas utilisable chez les personnes
immunodéprimées.

Mots clefs : Ebolavirus, rVSV-ZEBQOV, vaccin, glycosylations, R. aegyptiacus, Marburgvirus.
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ABSTRACT

The filovirus Ebolavirus (EBOV) is the causative agent of severe viral haemorrhagic fevers in
humans that can be lethal in 90% of cases. The current outbreak in the Democratic Republic
of Congo and the extraordinary scale of the 2014-2016 outbreak in West Africa, that caused
the death of more than 11 000 disease victims, lead the international public health agencies to
test several therapeutic approaches to limit viral spreading and mortality. Amongst those, the
recombinant replication-competent rVSV-ZEBOV virus, that expressed EBOV GP
glycoprotein, appears to offer the best protection in animal models and outbreak settings. While
its effectiveness and safety have been widely investigated before human trials and despite
numerous studies that showed the importance the nature of the glycoproteins which are
produced during the infection from the EBOV GP gene that has been inserted in VSV genome
are unknown. In this respect, the molecular characterisation of the viral glycoproteins
synthesised during rVSV-GP presented in this thesis, offer new insights with which to
understand the success of the rVSV-GP vaccine but also the potential viral origins of the
severe adverse side effects observed during vaccination and could help in developing a safer
vaccine, which currently cannot be used in an immunocompromised population.

Keywords: Ebolavirus, rVSV-ZEBQOV, vaccine, glycosylations, R. aegyptiacus, Marburgvirus
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INTRODUCTION

EBOLA VIRUS: IDENTIFICATION, TRANSMISSION AND NATURAL RESERVOIR

FILOVIRUS OUTBREAKS

Ebola virus is an enveloped, non-segmented single-stranded negative-RNA virus that was first
isolated in 1976 following outbreaks in South Sudan and Zaire (now the Democratic Republic
of Congo) [1]. It is a zoonotic virus and the causative agent of Ebola virus disease (EVD), a
severe disease in humans and non-human primates (NHP) with a fatality rate that can reach
90% in some outbreaks. As there are currently no vaccine or therapeutic approaches
approved, Ebola virus is a major public health concern.

Ebola virus is part of the Ebolavirus genera, which alongside Marburgvirus and Cuevavirus
compose the Filoviridae family (Fig. 1). They are currently five recognised genetically distinct
species of Ebolavirus: Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV), Tai Forest
ebolavirus (TAFV), Bundibugyo ebolavirus (BUDV) and Reston ebolavirus (RESTV).
Marburgvirus is composed of a single species Marburg marburgvirus with two members
Marburg virus (MARV) and Ravn virus (RAVV). Finally, discovered in 2011, Cuevavirus is
formed of a unique species, Lloviu cuevavirus (LLOV) [2,3] .

TAFV RESTV

Ebolavirus

Cuevavirus

EBOV

MARV
Filoviridae RAVV
Marburgvirus
0.1

FIGURE 1. PHYLOGENIC TREE OF THE FILOVIRIDAE FAMILY.

Obtained from [9]. Phylogenetic tree representing the three major Filovirus genera: Ebolavirus,
Marburgvirus and Cuevavirus. Ebolavirus is composed of five species: Zaire ebolavirus (EBOV), Sudan
ebolavirus (SUDV), Tai Forest ebolavirus (TAFV), Bundibungyo ebolavirus (BEBOV) and Reston ebolavirus
(RESTV). Marburg marburgvirus (MARV) and Ravn virus (RAVV) are forming the Marburgvirus genus and
Lloviu virus, the Cuevavirus genus. The scale bar represents evolutionary distance between each node.
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Since the first filovirus outbreak in 1967, caused by MARYV, forty different outbreaks have been
recorded, with their majority being caused by one of the five species of Ebolavirus. So far,
LLOV has not caused any outbreak in humans but was detected only in dead insectivorous
bats (Table 1). The majority of the outbreaks occurred in Central and South Africa, which
suggests that filoviruses are endemic of these regions. However, the 2014 outbreak that
occurred in West Africa, the isolation of RESTV from infected monkeys imported from the
Philippines, the identification of LLOV in the north of Spain and its re-emergence in 2013 in
Hungary, as well as the detection of partial RNA sequences of filoviruses in central China, are
incrementing elements pointing out that Filoviruses are not restricted to Central and South
Africa as initially thought (Fig. 2) [3-7]. The increasing number of Ebolavirus outbreaks since
2000 has been suggested to be caused by an augmentation of accidental contacts between
humans and the natural or amplifying hosts of the virus, occurrences often associated with
certain social and economic activities, such as deforestation, hunting and bushmeat
consummation [8—11].

Senegal N A 5 i )/—\K,_J
Guined®— ..
] = Nigeria
J : " = ) l/‘”‘ 1976, 1977,
'\ 1994, 1996, ,,:2014

2001-2003

== Democratic | — |
Republic
of the Congo

1995, 2007,
2008

74

USA B LY N\ UK
Dallas,@ :“ Glasgow ®

Italy

New‘mrk@ niﬁ?a@ Sardinia@

@ Zaire ebolavirus
Sudan ebolavirus

@ Tai Forest ebolavirus

Bundibugyo ebolavirus O
South Africa

-

Obtained from [15]. Modified map of Africa showing the date and the localisation of the different
Ebolavirus outbreaks. The arrows are representing the human movements that lead to the exportation of
EBOV to different countries, during the 2014 outbreak, and the encircled number the number of associated
cases.

FIGURE 2. EBOLAVIRUS OUTBREAKS MAP.
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Filovirus Year(s) Country Reported number of human cases Reported number of fatalities

Matbuiymarbiingonis: o A900 o SRET R igodiie; e R S e S
Marburg marburgvirus | 1875 Johannesburg, South Africa g e e e S e
__E_"._t:-dsn ebolavirus 1876 South Sudarjm . ) 284 151__

Za
LU B TR SUIRSINRN. o sn s S i
Marburg marburgvirus 1980 Kenya 2 1

Tal Forest ebolavirus 1994 Cote d'ivoire (Ivory Coast) 1 . 0]
Zaire ebolavirus 1994 Gabon ) o ] 52 o kil
Zaire ebolavirus 1988 Democratic Republic of Cengo 315 250

Zaire ebolavirus 1996 Gabon
Marburg marburgvirus 1998-2000 Democratic Republic of Congo

Za
el L ... O ... S
ettcariel e TN 1. S .. - ... R . .. N
Zaire ebolavirus 2003 Republic DTGDngo
dan

Msarburg marburgvirus 2004-2005 Angola

Sudan ebolavirus
“l";'-t:-nd'ibugw ebolavirus
‘Sudanebolaviis 2012 Uganda
‘Marburg marburgviruss 2012 Uganda
Za
Zaiebolavius 201 DemecraficRepudlcofCongo 6 48
Ma;bu:g marburgvirus 2014 Uganda

Dem. Rep. of Congo

ntrigs**

mocratic Republic of Congo

" Exported cases from Uganda
* Laboratory cases confirmed only
** Guinea. Serria Leone, Liberia, USA, Nigeria, Mali, USA, Senegal, Spain, United Kingdom, ltaly

TABLE 1. LIST OF EBOLAVIRUS OUTBREAKS.

Modified from [9].
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TRANSMISSION AND RISK FACTORS

NHP are highly susceptible to EBOV infection and are commonly used as a model of human
transmission. It has been shown that NHP could be infected through oral, conjunctival,
submucosal and respiratory routes [12,13]. NHP infection studies also showed that EBOV is
highly infectious and those cynomolgus macaques were able to succumb to the infection when
exposed to very low dose of infectious virus (from 0.01 PFU to 1 PFU; Plaque Forming Unit)
[14]. In humans, the overall case fatality rate’ (CFR) of Ebolavirus ranges from 34% to 88%
depending on the species; EBOV being the most lethal and, with the exception of RESTV,
which is considered to be asymptomatic in humans, BEBOV appears to be the less pathogenic
of the five known Ebolavirus species. For Marburg virus, the CFR is around 80% [15].

Based on the NHP studies and retrospective analysis of epidemiological data of chain of
transmissions, It is now clear that EBOV is mostly transmitted between humans through direct
exposure with an infected person or disease victim through broken skin or mucous membranes
[9,12]. During the acute phase of the iliness, the virus is present at high titters in different bodily
fluids such as the blood, saliva, sweat, tears, vomit, semen and stools. Improper handlings of
the patients or burial practises are considered to be the main cause of virus transmission.
Initially, it was thought that EBOV could not be transmitted outside of the symptomatic phase.
However, the virus was found to be able to persist for a longer time in some immune-privileged
sites following clearance from the bloodstream [16]. Viral RNA has been detected in breast
milk, vaginal secretions, ocular aqueous humors and semen several weeks to several months
after remission. In this regard, infectious EBOV was also isolated from semen more than three
months after viral clearance from blood, and sexual transmission of EBOV has been reported
and linked to the start of new transmission chains several days after Ebola-free declaration in
the countries [17-19].

The presence of the virus in multiple bodily fluids would suggest that transmission through
fomites? is also a key in EBOV transmission and would place the handling of the patients or
the cadavers at the centre of the transmission event and propagation of the outbreak. In this
regard, a study where EBOV was spiked directly into human blood, has shown that the virus
was stable in both dry and liquid blood and that live virus could be retrieved up to 14 days after
spiking [20]. Similarly, in vivo studies showed that EBOV could be detected and retrieved from
the corpses of dead monkeys several days after their death [21].

The possibility of airborne® or aerosol transmission during filovirus outbreaks is unclear.
Filovirus outbreaks are usually restricted in term of size and the viruses do not spread rapidly
into the human population, as it can be observed with similar viruses such as Influenza or
Measles viruses, suggesting that filoviruses are not airborne viruses. Experimentally infected
pigs with a RESTV pig isolate were shown to shed the virus asymptomatically from the
nasopharynx and EBOV has been found in human alveoli. Those data, therefore, raise the

' CFR: Proportion of cases within a designated population who die as a result of an infection [15].

% Fomites: Inanimate object or substance capable to carry infectious organism and to transfer it from
one individual to another.

3 Airborne transmission: As defined by [22]: ‘Transmission resulting from the inhalation of small
respirable infectious particles (<5um in size) dispersed over long distances by air currents.
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possibility that droplet transmission® is possible, and has been suspected to explain some
chain of transmissions when no direct contact with an infected person was reported [24,25].
Finally, while NHP were successfully infected following EBOV aerosolization in a controlled
environment, it is not known whether the virus could be transmitted this way in a natural setting.
Indeed, the virus was shown to be extremely unstable following aerosolization and as such,
even though it is not possible to completely rule out aerosols as a transmission route, it would
be a very unlikely event, especially in the different tropical or arid environments of the African
continent [9,12,26,27].

Several risk factors for filovirus transmission have been identified, based on the previous
outbreaks and are associated to an increased risk [15,28]. As expected, the chances of being
infected are much more important when being in direct contact with an infected individual at
home, or at the hospital, or with infected fluids. As such, the use of inappropriate personal
protective equipment or poor medical practises such as exposure to unsterilized/contaminated
needles have also played an important role in spreading the disease in some of the EBOV and
MARV outbreaks. Taking part in funeral rituals (preparing and touching the cadaver), also
significantly increases the chance of getting infected. Interestingly, children (5 to 19 years old
of age) seem to be relatively spared from contracting the disease and recent data suggest that
they are actually less susceptible to filovirus infections [15,29]. Therefore, genetic factors could
play a role in filovirus susceptibility as it has been shown for some Single Nucleotide
Polymorphisms (SNP) in the Niemann-Pick C1 (NPC1) gene (encoding a cellular endosomal
protein which is the necessary receptor for EBOV entry [30,31]; see below ‘Full-length GP12)
or using a genetically diverse panel of recombinant inbred mice [32].

NATURAL AND ACCIDENTAL HOSTS OF FILOVIRUSES

There is no consensus definition for what classifies a species as a natural reservoir for a
specific pathogen but it can be defined as ‘one or more epidemiologically connected
populations or environments in which a pathogen can be permanently maintained and from
which infection is transmitted to the defined target population’ [33]. Another commonly
accepted definition is that natural reservoirs are able to replicate the virus but show little or no
sign of disease compared to an accidental/amplifying host. Additionally, natural hosts have a
higher seroprevalence than active infection prevalence [34].

Despite intensive efforts to identify reservoir species for filoviruses over the past 40 years, it is
still uncertain what the natural reservoirs for ebolaviruses actually are. Numerous studies have
tried to identify viral hosts either by sampling animals for antibodies and/or RNA detection or
for viral isolation or through experimentally infection in laboratory settings [34,35]. At first, it
was hypothesized that, similarly to Lassa virus, small rodents could transmit filovirus and
evidence of EBOV RNA was even found in one early study but similar results were never

4 Droplet transmission: As defined by [23]: ‘Form of direct contact transmission in which respiratory
droplets (>5um in size) carrying an infectious pathogen transmit infection when traveling short distances
directly from the respiratory tract of the infectious individual to susceptible mucosal surfaces of the
recipient.’
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obtained again [1,36]. Experimental infection of different rodents, flying mammals and even
plants performed by Swanepoel R et al. (1996) showed that only bats (both frugivorous and
insectivorous) were able to replicate the virus with no sign of disease, pointing to bats as a
potential candidate host [35].

Bats are the second most diverse mammalian order with over 1100 species and are present
worldwide. They have been identified as the natural reservoir for numerous other re-emerging
viruses such as coronaviruses, paramyxoviruses or Influenza A viruses. Their long lifespans,
the use of torpor and flight, their diet, as well as the fact that there are living in large
communities, with some roosts that can house more than a thousand individuals of the same
or different species, are thought to facilitate virus maintenance and transmission [8,37,38].
The isolation in 2009 of MARV from R. aegyptiacus and the discovery of LLOV in M.
schreibersii bats in different locations several years apart, is suggestive for bats being a natural
reservoir for filoviruses [3,6,39]. Another piece of evidence is the identification of new RNA
sequences from unidentified, potential filovirus species in China in R. leschenaultia, E. spelaea
and R. spp bats [4,5]. The results from this study suggest that at least 3 potential new species
or genera are present in Mainland China. Interestingly, while high numbers of genomic copies
could be detected in some of the infected tissues, and that one bat was even infected with four
different filoviruses, bats were according to the authors, seemingly healthy. Experimentally
inoculations of arthropod-free R. aegyptiacus with MARV show that bats are permissive to
virus replication with no apparent sign of diseases and are able to develop a long-lasting
protective immunity against the virus following the resolution of the infection that protects
animals from reinfection, at least, up to two months following the initial challenge. Oral and
rectal shedding of infectious virus, as well as the presence of the virus in the urine have also
been confirmed, suggesting that direct or indirect contact with infectious bodily fluids is likely
responsible for the horizontal transmission of the virus between bats and probably between
other species, including humans [40—44]. Thus, at least in the case of MARV, R. aegyptiacus
fulfil all criteria to be called a natural reservoir.

So far, Ebolavirus has never been isolated directly from animal tissues and therefore the
natural reservoir for Ebolavirus is still unknown. Several bat species are suspected to be
potential hosts for Ebolavirus, including H. helvum, R. aegyptiacus, E. gambianus or E.
buettikoferi, E. franqueti and H. monstrosus, but those assumptions are based only on
antibodies or partial RNA sequence detection (Table 2) [45]. In vivo and in vitro studies have
helped to shed light into potential reservoir hosts for EBOV. Indeed, it has been shown that H.
helvum kidney fibroblast cell lines were drastically less susceptible to EBOV infection
compared to fibroblasts derived from R. aegyptiacus and E. buettikoferi cell lines, due to a
weak interaction between EBOV glycoprotein GP1, that drives entry into cells and H helvum
NPC1 (see below: Paragraph ‘Full-length GP+2’). Interestingly, this limited binding has been
mapped to a single amino acid in NPC1 and could be potentially used to predict whether a bat
species is a candidate host for EBOV [46]. While, in vitro results support the hypothesis that
R. aegyptiacus is a possible host for EBOV, as R. aegyptiacus-derived cell lines replicate the
virus as efficiently as MARYV, an in vivo experiment showed that following EBOV inoculation,
R. aegyptiacus bats do not become viremic in the tested conditions (a single route of injection
and a single dose of virus with a limited number of animals tested) [44]. Consequently, in vitro
experiments using bat cell lines-derived from tissues that are not the primary targets of
filoviruses (mononuclear phagocytic lineage cells, hepatocytes, splenocytes,) need to be
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interpreted cautiously. Furthermore, the in vitro and in vivo experiments were performed using
viruses that were isolated from humans and NHP and one cannot exclude that these viruses
were more adapted to human/NHP than bats. Results from Jones ME et al. (2015) also
encourage the idea that bat species are adapted to support the replication of one or closely
related filoviruses and that the tropism of filovirus in bats is limited by different factors. Careful
analysis of the phylogenetic analysis results obtained by Yang XL et al. (2017) also favours
this hypothesis as the filoviruses discovered in Rousettus species are all clustered with MARV
[5,44]. In July 2018, a sixth Ebolavirus species, Bombali virus was discovered in two different
bat species (C. pumilus and M. condylurus) reinforcing again the idea of bats being the natural
reservoir of filoviruses [298].

Bat species EBOV RESTV LLOV MARV SEBOV BEBOV TAFV
Epomops fmnq_qgﬁ RNA / ﬁrj_tigc_:dies Antibodi_e_:ﬁ_ - Antibodies - - -
Hypsignathus monstrosus  RNA / Antibodies Antibodies - Antibodies B - -

Myoncyteris torquata RNA / Antibodies - T e g T
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i e A S ... . S :
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Micropteropus pusillus ___ Antibodies - * s AN Antibodies ... SR SRR
e o A e o
Miniopterus schreiberssi - RNA__ RNA A
_Epomophomsggmt_{i_anus An_l_ip_gqig_s Antibqgﬁ_i_e_:ﬁ__ B P - 2
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Acerodon jubatus e AtDOGS S S
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Scotophilus kuhlii T Antibodies - =i S - -

TABLE 2. LIST OF BAT SPECIES IDENTIFIED AS POTENTIAL FILOVIRUS RESERVOIR

In addition to bats as natural reservoirs for filoviruses, several other species were identified as
amplifying hosts, such as NHP, duikers and swine (Fig. 3). Carcases of gorillas and
chimpanzees, as well as antelopes, positive for the virus has been found at several occasions.
Indeed, outbreaks in wild animals have commonly preceded outbreaks in the human
population and would often appear to be the cause of the spillover into human society [47,48].
It has been estimated that the EBOV outbreaks between 2001 and 2003 in great apes has led
to an alarming decline of more than 80% of the population [49]. In some areas, it is believed
that EBOV is responsible for the disappearance of at least 50% of the duikers and 89% of the
chimpanzees [50]. Group-to-group transmission of the virus between gorillas appears to be
facilitated by their social habitude, especially their habits of inspecting carcases of other dead
gorillas from outside of one’s group or feeding on fruit from the same tree, which could be
contaminated with infected bodily fluids from bats [51]. Similarly, RESTV was isolated initially
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from cynomolgus monkeys imported from The Philippines [52]. For RESTV, while no
Ebolavirus-like disease was observed in the adult humans that were infected (the virus is thus
considered non-pathogenic in humans), it is highly lethal in monkeys, reinforcing the idea that
NHP are highly susceptible to filovirus infection. Additionally, RESTV has been isolated from
pigs in The Philippines and a direct contact between pigs and insectivorous bats (M.
schreibersii) that were found positive by gPCR assays has been suggested to be the cause of
the pigs’ initial infection [53,54].

Based on these different studies, filoviruses appear thus to have a wide tropism and can infect
multiple hosts, with some that can show no sign of disease. Considering the important
economic value of the identified animals (pig farming, bushmeat for bats and NHP,), a routine
animal sampling of those hosts for antibodies or RNA detection could help to prevent spreading
of the virus into the human population.

Spillover dynamics

//mr - -
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species
transmission

v

Reservoir dynamics

FIGURE 3. FILOVIRUS TRANSMISSION DYNAMICS
Modified from [296] representing the hypothesised existing relationship to allow either maintenance of filovirus in one

or several bat species (Reservoir dynamics in blue), and their spillovers in accidental animal hosts (swine, duikers and
great apes, and humans; Spillover dynamics, in red). Inter-human transmission is also represented (in yellow).
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EBOLA VIRUS: STRUCTURE, GENOME AND PROTEIN DESCRIPTION

VIRION AND GENOMIC ORGANISATION

Filoviruses virions are filamentous, which make them the only currently known animal viruses
with a filamentous structure. While filovirus’ diameters are of about 80-90nm, and are
consistent between the different filovirus genera, MARYV virions length appears to be smaller
than EBOV virions, with a size of about 800nm and 1200nm respectively. Electron microscopy
analysis showed that the virions are flexible and it can form U or 9-shape (Fig. 4). This flexibility
is suggested to be important to protect the single-stranded negative-sense RNA ((-)ssRNA)
genome from breaking to limit the production of non-infectious viral particles [55-57].

FIGURE 4. ELECTRON MICROSCOPY PICTURES OF FILOVIRUS VIRIONS

Obtained from [53]. Negatively contrasted EBOV virions (A), illustrating the filmanetous (full arrows) and 6-shaped
forms (arrowheads) of the viral particles. EBOV virion cross-section (B) showing the 45-50nm nucleocapsid
(arrowheads) and the viral host-derived membrane decorated by EBOV glycoprotein spikes (spearheads).

Ebola virus has a 19kb genome that starts by a 3’ leader non-coding region, followed by seven
genes arranged in tandem encoding seven structural proteins: The nucleoprotein NP, VP35,
VP40, VP24, the glycoprotein GP12 and the RNA-dependant RNA-polymerase polymerase L
and two secreted non-structural proteins, the soluble GP (sGP), and the super small GP
(ssGP). The genome is terminated by a 5’ trailer non-coding region (Fig. 5). At the exception
of the GP gene which gives rise to three different proteins through transcriptional editing, all
other EBOV genes produce a single viral protein [58].
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FIGURE 5. EBOV GENOME STRUCTURE

Modified from [60]. Schematical representation of EBOV genome organization. At the exception of the L gene, the genes
are drawn to scale. Open reading frame are painted in grey and the untranslated regions in white. White triangles are
showing gene start and black bars, gene ends. The length and the nature and size of the intergenic regions (not to scale)
are indicated, as well as the position of GP editing site.

TRANSCRIPTION AND REPLICATION REGULATION

The 3’ leader is a 55 nucleotides region formed of a cis-acting promoter, which drives the
formation of a complementary antigenome that is used as a template for the replication of the
genome (Fig. 6). The 676-nucleotide complementary 5’ trailer end serves as a significantly
stronger promoter than the 3’ leader promoter and allows for intense replication of the viral
genome. Predictions of secondary structure suggest that both the leader and trailer regions
can interact together to form a panhandle structure, yet, it is not clear if they indeed form such
structure during the infection. However, it has been shown that the introduction of mutations
that modify the secondary structures of either EBOV leader or trailer impair genome replication
[59-62]. Analysis of the EBOV leader region revealed that it is formed of a bipartite promoter,
separated by a spacer, and that a loop is formed inside of the first promoter element, which is
essential for replication (Fig. 6, lower part). Similarly, the cellular HSPAS protein is able to bind
a small stem-loop structure present in the EBOV trailer. Introduction of mutations to impair the
formation of this structure and the binding of HSPA8 make it impossible to rescue the virus,
again highlighting the key role of secondary structures in this region for regulation [59-62].

During transcription, EBOV polymerase scans the genome from the 3’ end to the 5’ end for the
highly conserved gene start signals (GS) and gene end signals (GE) [63,64]. While the GS
marks the initiation of the mRNA transcription, the GE marks the termination of the transcript
(Fig. 6, upper part). It is believed that filovirus polymerase function through a stop-and-start
mechanism similarly to other non-segmented negative-sense (NNS) viruses. When the
polymerase encounters a GS signal, it will start to transcribe a mRNA, that is co-
transcriptionally capped and methylated, and will be terminated at its associated GE signal.
The GE signal consists of a stretch of uridine residues, which will lead to the formation of a
poly(A) tail, by a mechanism called stuttering. Finally, the newly synthesised mRNA is
detached from the polymerase [65]. At this point, the polymerase is either released from the
template or continues to scan the genome to detect a new GS and initiate the transcription of
a new mRNA from an upstream gene. In some rare instance, when the GS is not well
recognised, read-through mRNA are produced [66,67]. When the polymerase is detached from
the genome, and as it can only enter it from the 3’ end, it will have to restart the transcription
from the beginning. This leads to a transcription gradient, which can be observed during
infection, with the more proximal genes (with respect to the 3’ leader) being more transcribed
than the most distal ones. This gradient represents a first layer of transcription regulation to
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control viral protein levels during the infection and is necessary for a proper viral fitness.
Accordingly, an excess of L proteins was shown to reduce viral replication [68—71].

Gene expression is also controlled by cis-acting element present between the GS and the GE
signals, notably the intergenic regions (IR) and the untranslated regions (UTR) appears to be
play a significant role [72]. The GS of the following gene is either separated from the GE of the
downstream gene by a short, 4 to 5 nucleotide-long IR (NP/VP35; VP40/GP; VP24/L), a 144
nucleotide-long IR (VP30/VP24) or are partially overlapped (VP35/VP40; VP24/L) (Fig. 6,
upper part). It was shown that the IR and their length were involved in the regulation of the
reinitiation rates of the polymerase: Shortening, increasing or removing the IR lead to a specific
decrease of the downstream gene. However, this effect seems to be gene-dependent,
suggesting that other elements control gene transcription, including the length of the GE
sequence and the UTR (Fig. 6, white boxes in genes). Indeed, compared to other NSS viruses,
EBOV has relatively long 3’ and 5’ UTR that can potentially form secondary structures involved
in mRNA stability [72]. It was shown that the 3UTR and 5’'UTR have antagonist roles: The
3'UTR downregulates the expression of the upstream gene, whereas the 5’UTR is necessary
for the proper expression of the downstream gene [63]. Finally, it was shown that all of these
regulatory mechanisms could also have an action on each other, creating an interplay that can
further impact EBOV genomic regulation [67].
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FIGURE 6. EBOV GENE BORDERS ORGANISATION AND LEADER STRUCTURE

Modified from [60]. Representation of the sequences and the structure of EBOV NP:VP35 and VP35:VP40 gene borde
(upper part) and the organisation of the leader region (lower part). The leader is formed of a bipartite promot
composed of the promotor elements PE1 and PE2 that are separated by a 26 nucleotides spacer. The predicted Rl

VIRAL LIFE CYCLE AND NUCLEOCAPSID ASSEMBLY

Following infection, the viral genome is released inside of the cytoplasm of infected cells. Both
antigenomes and viral mMRNA are then produced in the cytoplasm, resulting in the translation
of newly synthesised viral proteins. A hallmark of filovirus infection is the observation of
inclusion bodies (IB) in infected cells. Such bodies can be defined as ‘sites of viral transcription
and genome replication that are readily apparent in cells by light microscopy’ [73,74]. It has
been shown that with the exception of the glycoprotein GP+ 2, all viral proteins colocalize within
these cellular compartments, which are filled with nucleocapsid (NC)-like structures, indicating
that IB are an important site for viral replication. Throughout infection IB grow larger and closer
to the nucleus. Whilst transcription starts initially in the cytoplasm, viral transcription moves to
the IB at late stages of the infection where the viral RNA is intensively replicated and
encapsidated to form NC, close to the edge of the IB. NC are then transported to the cell
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plasma membrane where the viral particles will bud, preferentially from filopodia-like structures
(Fig. 7) [75,76].

FIGURE 7. EBOV ASSEMBLY
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During the assembly process, the viral genome forms a 30 nm NC complex together with the
nucleoprotein NP and viral proteins VP30, VP35, VP24 and L. NP, VP24 and VP35 are
required for the assembly of the NC-like structure in IB, a process which is, however, not
dependant on the presence of RNA [76,77]. VP24:VP35 bridges help to stabilize the NC
formed of VP30:NP:RNA complexes [78]. The matrix protein VP40 forms a regular lattice which
is associated with the inner layer of the plasma membrane (Fig. 8). VP40 drives the transport
of the nucleocapsid to the membrane through a direct interaction with NP, as well as the
budding of the virion. When released from cells, either horizontally or vertically, the surface of
the viral host cell-derived membrane is decorated by the viral glycoprotein GP4 2. Of note, GP12
is not necessary for viral release, as virus-like particles (VLP) are efficiently released in the
sole presence of VP40 [77].
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FIGURE 8. EBOV NUCLEOCAPSID STRUCTURE

Adapted from [55]. Schematic representation of a straight filovirus particle (A) and its cross-section (B). Interaction
between the matrix protein VP40 and the nucleocapsid is showed by dashed lines. The host-derived membrane is
colored in orange. 3D visualisation of EBOV nucleocapsid in a partial cutway view (C). The interactions between the
viral RNA:NP, VP30:NP, VP35:VP24 and the potential positions for VP35:NP and VP24:NP contacts are shown (D).
The white arrow shows NP:RNA interactions and the red arrow, protein:protein interactions.
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EBOLA VIRUS PROTEINS

NUCLEOPROTEIN

EBOQOV nucleoprotein is a 739-amino acid protein encoded by the first gene of the viral genome.
Itis a glycosylated and sialylated protein that possesses in its N-terminal domain (NTD) a self-
oligomerization domain. While it is not clear what type of glycosylations are present in NP, it
was identified that they are important for NP:VP35 interactions. Ectopic expression of NP
induces the formation of IB-like bodies in which helicoidal tube structures can be detected. Co-
expression of NP with VP35 and VP24, induces the formation of NC-like structures, a
phenomenon dependant on NP NTD. It is suggested that the protein acts as a scaffold for the
construction of NC-like structures that are essential for EBOV replication [79,80]. Recently, the
NP crystal structure was resolved and a model for NP NC-like self-assembly was proposed
[81,82]. These studies, highlight the importance of several regions, including the helices a21—
022 (amino acids 341 to 365 and 371 to 403 respectively) and a region called the VP35 NP
Binding Peptide (VP35 NPBP), that controls NP:VP35 interaction. Helices a21-a22 were
shown to regulate NP self-assembly, and while dispensable, they also favour NP binding to
ssRNA, suggesting that NP binding to EBOV genome is dependent on oligomerization and NP
molecule orientation. Furthermore, VP35 NTD and its binding to VP35 NPBP modulates NP
oligomeric states and its association with viral RNA [83,84]. The recent models propose that
NP has two distinct conformations: Opened and closed. When in contact with VP35, NP is
forced into a closed conformation and cannot interact with the viral RNA. An unknown stimuli
will displace the NP:VP35 interaction and NP will be able to oligomerize and to interact with
the viral RNA and subsequently start RNA encapsidation. The NP:RNA structure is further
condensed by possible direct interactions between the C-terminal domain (CTD) of NP with
VP24, and by VP24:VP35 contacts (Fig. 9) [81,82].
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FIGURE 9. EBOV NP ASSEMBLY AND REGULATION DURING RNA SYNTHESIS

Obtained from [77]. Cartoon representation of the proposed model for NP:NP interactions and the role of VP35 in
controlling NP oligomerisation state. When VP35 is bound to VP35 NP Binding Pocket (VP35 NPBP) it forces NP into an
opened conformation. A displacement of NP:VP35 interactions leads to a shift of NP into a closed conformation that can
then oligomerize and interact with the viral RNA.
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VP35

The first line of defence against virus infections is the induction of the innate immune response,
which is activated after recognition of a viral Pathogen Associated Molecular Pattern (vPAMP)
by Pathogen Recognition Receptors (PRR). Each PRR are specialised in the recognition of
specific VPAMP: ssRNA and dsRNA viruses can be either detected by endosomal-associated
PRR (from the Toll-like Receptors, TLR family) or by a cytosolic receptor (from the RIG-I like
Receptors, RLR family). Ultimately, PRR activation leads to the induction of an antiviral state,
through the cooperation of two essential transcription factors, IRF-3 and NF-kB to stimulate
the Type | Interferon system (IFN-a and IFN-) and the production of pro- and anti-
inflammatory cytokines [85,86]. Early stages of fatal EVD are characterised by an important
immunosuppressive state followed by an excessive and uncontrolled sustained activation of
the inflammatory and the coagulation response, resembling what is observed with sepsis [87].
On the other side, survivors are able to rapidly activate an immune response directed against
the virus and to control its replication [88]. Consequently, EBOV pathogenicity is partially
dictated by its ability to block the host immune system during the first steps of the infection,
notably in mononuclear phagocytic cells, which are the primary targets of the virus in vivo [89].
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in its CTD an IFN inhibitory domain
(VP35 IID), with a dsRNA-binding activity that is necessary for blocking RIG-I activation and
the nuclear translocation of IRF-3 (Fig. 10) [92]. VP35’s ability to suppress RIG-I recognition
of immunostimulatory viral RNA secondary or intermediate structures is essential for EBOV
pathogenicity, as its activation was shown to render cells resistant to EBOV infection [93,94].
A reverse genetics approach and the generation of recombinant mice-adapted EBOV further
demonstrated this with a single amino acid change in VP35 IID that renders the recombinant
EBOV completely attenuated in mice. Studies performed on human Dendritic Cells (DC)
demonstrated that VP35 inhibitory function participates in limiting DC maturation and cyto- and
chemokine productions. Infected DC are then incapable to properly present EBOV antigens to
CD8+ and CD4+ T cells and are thus cannot initiate the activation of an adaptive immune
response specific to EBOV [95,96]. Crystallography studies revealed that the VP35 IID is
formed of a set of three clusters of basic residues. The central basic patch was mapped to
regulate dsRNA binding. Furthermore, VP35 IID RNA binding activity has been shown to be
independent of VP35 viral polymerase cofactor function [97]. Indeed, to participate in viral RNA
synthesis, VP35 is required to directly interact with NP and the viral polymerase. Single point
mutations in the first patch of basic residues are sufficient to destabilise VP35:NP interactions
but not VP35:L interactions, leading VP35 to lose its cofactor activity [98].
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VP40

VP40 is the major matrix protein and a 326-amino acid protein with a molecular weight of
40kDa involved in the regulation of viral transcription and viral budding [99]. VP40 possesses
two domains, a NTD and a CTD connected by a flexible linker, that control its functions as well
as its different oligomerization states. In infected cells, VP40 is majoritarly present as a dimer.
It was shown that VP40 dimers through their CTD were able to interact with phosphatidylserine
(PS) allowing its association with the plasma membrane inner-leaflet [100,101]. Following
binding to PS, the dimers reorganise to form hexamers [102—-104]. Furthermore, VP40 was
shown to be associated with PS in lipid rafts localised in filopodia-like projections. The fact that
VP40 is alone able to form and release virus-like particles (VLP), highlights his central role for
viral budding [105]. A hydrophobic loop region is present in the CTD that drives VP40 insertion
into the plasma membrane, controlling its localisation to the plasma membrane as well as for
its hexamerization, plasma membrane remodelling and consequently virus egress [106,107].
While, the CTD controls binding to the plasma membrane, VP40 NTD is necessary for VP40
dimerization. VP40 dimers have a butterfly-shaped like structure, with a ‘body’ formed of the
interface of the NTD of two VP40 molecules, and the CTD that will form the wings and expose
its membrane binding and penetrating domains. Bornholdt ZA et al. (2013) propose the
following model to explain VP40 interaction with the plasma membrane and how it controls
viral budding: The CTD domains of a VP40 dimer interact first with the plasma membrane and
its lipids. This will lead to a conformational change of VP40 homodimers into antiparallel
zigzagging hexamers. According to their data, only VP40 dimers can bind the plasma
membrane as monomers have too weak an affinity for such a purpose. They suggest that
VP40 possess ‘sticky’ ends that allow the formation of the EBOV matrix into long filaments of
VP40 hexamers and eventually forcing the curvature of the plasma membrane and the release
of virions (Fig. 11) [101,107].
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FIGURE 11. VP40 OLIGOMERISATION AND INTERACTION WITH THE CELLULAR PLSAMA MEMBRANE

Adapted from [96] and [102]. Cartoon representing VP40 monomers interacting through their N-terminal
domain interfaces (N) to form VP40 dimers (upper part). VP40 dimers interaction with
phosphatidylserine (PS) lead to a conformational change and their rearrangement into zigazagging
hexamers that assemble into a filamentous structure to form the virion matrix (lower part).
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Several studies revealed the mechanism involved in VP40 transport to the cell membrane. It
was shown that two N-terminal domains called ‘Late domain’ motifs, formed of tetra-peptide
motifs (PTAP and PPEY), were involved and necessary for hijacking the Endosomal Sorting
Complex Required for Transport (ESCRT) pathway, which is required for EBOV budding by
facilitating the virion scission from the plasma membrane. Indeed, through its Late domains
VP40 interacts with Nedd4 and WWP1, two ubiquitin ligases that will ubiquitinate VP40
allowing it to interact with Tgs101, a necessary host factor that is recruited by VP40 into lipid
rafts and that greatly participates in VP40 mediated viral budding [105,108—110]. Another key
cellular factor for EBOV release is the Sec24c protein, which is part of the Coat Protein
Complex Il (COPII) transport system. The COPII transport system is involved in the initial steps
of the ER-Golgi transport and uses microtubules for transporting vesicles. Accordingly, upon
infection VP40 initially interacts with the COPII transport system through Sec34c to initiate its
transport in a microtubule-dependant manner to the plasma membrane. It will then dissociate
from the COPII transport system to interact with proteins from the ESCRT pathway to induce
budding [111]. Although VP40 is not necessary for EBOV nucleocapsid transport, it is required
to address it to filopodia, the preferred site of EBOV budding [112].

In addition to control viral egress, VP40 was shown to be able to form large aggregates, which
have an octameric ring structure, formed by four antiparallel homodimers of VP40 NTD (Fig.
12). This octameric form is arranged following a conformational change of the VP40 dimer
interface, resulting in the exposure of an RNA binding pocket located in VP40 NTD.
Importantly, it was shown that RNA binding is essential for the formation and stabilization of
the octameric rings [107,113]. The roles of this form are not fully elucidated and the nature of
the bound RNA has yet to be found. It appears to have no role in viral budding but instead
seems to be important for viral transcription [114]. Indeed, it was demonstrated that the
Arginine in position 134 is essential for VP40 RNA binding and as such for octamer formation.
No virus could be rescued by reverse genetics when introducing a mutation at this position,
proving the importance of this form in the EBOV life cycle. Additional studies showed that the
VP40 ring structure is able to negatively regulate viral transcription. Similarly to other NNS
viruses, it was suggested that the octameric rings are involved in viral RNP compaction and
thus overexpression of this form blocks the access of the polymerase to the genome, rendering
it inactive for replication or transcription [107,115].
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FIGURE 12. VP40 OCTAMERIC RING FORMATION
Adapted from [102]. Following binding to an unknown RNA to VP40, VP40 monomers assemble into dimers through their N-

terminal domains to form in the cell cytoplasm an octameric ring. This structure was shown to be able to regulate viral
transcription.
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GLYCOPROTEIN GP

TRANSCRIPTIONAL EDITING

EBOV glycoprotein GP12> has been actively studied for its different roles in EBOV
pathogenicity. EBOV GP gene is the only viral gene that encodes several products following
transcriptional editing [58]. The pre-soluble GP (Pre-sGP) mRNA, that ultimately leads to
production of the soluble, released form of the viral glycoprotein and known as sGP, is the
main product of the unedited GP mRNA and is produced similarly to the other viral gene
following the recognition by the polymerase of the conserved GS and GE sequences and its
subsequent polyadenylation. While it is cell type dependant, it is admitted that this transcript
represents about 75% of the GP associated mRNA transcribed in infected cells in cell culture.
EBOV full-length GP+ > is only produced following a frameshift mutation in the GP ORF due to
co-transcriptional editing, which occurs when the polymerase adds an additional single
adenine at the editing site; the mRNA produced is commonly called 8A and represents about
20% of the GP mRNA produced in infected cells [70]. In around 5% of the cases, a 9A mRNA
is transcribed and encodes for an additional non-structural secreted GP called super small GP
(ssGP) of currently unknown functions (and will therefore not be discussed here) [116]. Due to
their transcription strategy, all EBOV glycoproteins have a conserved NTD and differ only by
their CTD (Fig. 13).

The editing site is composed of a stretch of seven uridine residues in the viral genome and is
resembling EBOV GE sequences (Fig. 13A). Consequently, it is believed that the mechanism
allowing transcriptional editing is similar to the stuttering process that leads to viral mMRNA
polyadenylation (Fig 13B). A similar sequence is present also in EBOV L gene, however, no
editing is observed, suggesting that the editing to be GP-specific. Furthermore, whilst viral
polymerases from other viruses were shown to be able to successfully edit the GP gene and
to produce an 8A mRNA in in vitro systems, it appears that during EBOV infection, VP30 is
necessary to resolve a stem-loop structure present before the editing sequence and helps to
edit GP mRNA (Fig 13B) [117-119].
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SOLUBLE GP

The viral protein sGP is first synthesized as a precursor, Pre-sGP, in the endoplasmic reticulum
(ER) and is then transported to the Golgi apparatus where it will acquire glycosylations and its
mature form following cleavage by the cellular proprotein convertase Furin (Fig. 14) [120]. Of
note, and as shown in Fig. 14, Furin cleavage of Pre-sGP also liberates the Pre-sGP CTD part
of the protein, producing a short peptide known as the viral A-peptide (see below). sGP lacks
a transmembrane domain and is secreted as a disulfide bond-linked dimer during EBOV
infection through the classical secretory pathway. sGP is believed to play a key role in antibody
subversions by attracting antibodies directed against the full-length GP12 protein to prevent
viral neutralisation [121]. It appears to also have an anti-inflammatory action by limiting the
activation of macrophages and endothelial cells. Importantly, being the main product of the GP
gene, sGP expression has been shown to play a role in controlling the cytotoxicity of the unique
EBOV surface virion glycoprotein (discussed further below) [122—-124]. In cell culture, sGP is
not necessary and indeed it has been shown that in this system, the EBOV wild-type 7U
genome is rapidly edited through genomic insertion of an uridine residue at the editing site (8U
genome) to encode almost exclusively for the full-length GP1> (although some sGP is still
produced either by deletion or skipping of an adenine residue) [125]. On the other side,
infection of guinea-pigs with a guinea-pig adapted virus with an altered editing site (8U
genome), rapidly converts to its original 7U genotype. Similarly, infection of guinea pigs with
an EBOV virus with no editing site, but that is still able to encode for EBOV glycoprotein shows
a significant reduction in virus pathogenicity [126]. The importance for sGP in EBOV
pathogenicity was also highlighted during the recent EBOV outbreak, as a systemic analysis
of EBOV mRNA produced in infected humans showed that the 8A mRNA transcript only
represented around 1% of the GP mRNA produced [127].
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FIGURE 14. SOLUBLE GP STRUCTURE AND SYNTHESIS

Obtained and adapted from [367]. The soluble GP (sGP) is first synthesised in the endoplasmic reticulum as a 364
amino acids precursor, Pre-sGP. Pre-sGP is glycosylated and transported to the Golgi where it will acquire complex
glycans and be processed by the proprotease Furin into the mature sGP and A-peptide. Following cleavage, sGP
monomers form parallel dimers and due to a lack of transmembrane domain, they are released into the cell
extracellular domain.
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A-PEPTIDE

Little is known about the role of the A-peptide, it represents the 40 last amino acids of the CTD
of sGP and as mentioned above is liberated following Pre-sGP intracellular processing. It was
shown to be a O-glycosylated and silylated peptide which is secreted and that is able to bind
non-infected cells and to block EBOV entry (Fig. 15) [128,129]. Recently, the A-peptide was
shown to be able to bind to cells and induce their permeabilization at micromolar
concentrations, establishing the A-peptide as a viroporin [130]. Considering the large amount
of sGP (in micromolar amounts) released into the patient sera [131], the authors suggest that
EBOV A-peptide is also actively secreted during EBOV infection and that through its local
binding to cells and its viroporin activity could act similarly to an enterotoxin and participate
in the severe gastrointestinal disorders observed during the EVD.
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FULL-LENGTH GPi,2

The full-length GP1; is a highly glycosylated type | protein produced in the ER as a precursor
called Pre-GPer, where it acquires immature oligomannosidic N-glycans. The 110 kDa
glycoprotein Pre-GPer is then transported to the Golgi apparatus to obtain mature N-
glycosylations and O-glycosylations and represents the second precursor, the 160 kDa pre-
GP. Pre-GP is cleaved into a 140 kDa GP1 and a 26 kDa GP: subunit by the cellular enzyme
Furin. The two subunits are linked by a disulfide bond between the cysteine 56 of GP4 and the
cysteine 609 of GP, and form a trimer, dictated by the presence of a N-heptade repeat domain
in GP2. The GP1 trimer is inserted into the virion host-derived membrane through the GP»
transmembrane domain [58,120,124,132,133]. The currently available resolved structures of
GP1 > reveal that the protein resembles a chalice with GP4 forming the cup and GP- its base
(Fig. 16).
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FIGURE 16. EBOV GLYCOPROTEIN GP1,2

Adapted from [367,368]. EBOV glycoprotein GP1,2 is synthesised first in the endoplasmic reticulum as a precursor protein
called Pre-GPer, where it will acquire immature glycosylations. Pre-GPer is then transported to the Golgi apparatus to be
further processed. In the Golgi, the golgi-specific precursor Pre-GP is cleaved by the proprotein Furin into two subunits GP1
and GP, linked by a disulfide bond. Of note, Pre-GP, acquires before cleavage mature N- and O-glycosylations, which are
mostly present in the glycan cap and the mucin-like domain. The 3D structure of the trimer inserted into the host-derived
viral membrane with the position of the Glycan cap (blue arrow) and the Mucin-like domain (dashed box) and the supposed
position of the receptor binding domain (purple dashed line) is shown (lower left),
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GP+ possesses four distinct domains: base, receptor binding domain (RBD), Glycan cap, and
the mucin-like domain (MLD). The glycan cap and the MLD contain the majority of N- and O-
linked glycans. Structural analysis revealed that the RBD is hidden by the glycan cap, which
has solely N-glycosylations, protecting the RBD from different immune pressures. The MLD is
a serine-threonine-rich region and the most variable domain between ebolavirus species. It is
also the most glycosylated domain of GP1 with N- and O-glycosylations that contributes to half
of the protein molecular weight. Whilst the MLD is not necessary for EBOV infectivity, several
groups reported that the MLD is involved in EBOV GP1> high cytotoxicity and immune cell
activation [131,134-137]. Furthermore, it was suggested that the MLD creates a glycan shield
that protects EBOV GP12, and notably its RBD from neutralising antibodies. Antibodies
directed against the MLD are rarely neutralising against this domain. Indeed, as both the MLD
and the glycan cap are removed during EBOV entry by intracellular cathepsin in endosomes
(to allow the interaction between the RBD and its intracellular receptor, the cholesterol
transporter NPC1), these domains are not thought to be actively involved in viral entry and as
such unlikely targets for antibodies able to block the viral entry process [31,138,139]. In
addition, EBOV GP1, shielding was shown to hide cell surface proteins, such as T-cell
receptors or the Major Histocompatibility Complex-I, rendering infected cells less susceptible
to recognition by T and NK cells [140]. Besides their protective roles, EBOV GP+ glycosylations
are important for their interaction with C-type lectins such as DC-SiGN, L-SIGN or LSECtin
that acts as attachment receptors and mediate EBOV attachment and entry into cells
[141,142]. While GP, drives viral attachment and cellular tropism, GP, governs viral entry by
mediating viral membrane fusion in endosomes [143]. GP. contains two N-glycosylations,
which are important for EBOV GP1; immunogenicity as well as for its proper conformation and
expression [141]. GP. possesses several identified domains: its transmembrane domain (TM)
that retains the glycoprotein in the cells and the virion, a membrane proximal external region
(MPER), a C and N-heptad repeat region (CHR and NHR) and the internal fusion-loop (IFL)
domain [132,144]. Interestingly, all five GP, domains appear to participate in EBOV GPi>
fusion.
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FIGURE 17. GP MEDIATED FUSION MODEL

Modified from [145]. In its prefusion conformation, the viral glycoprotein is inserted in the virion membrane through its
transmembrane domain (TM). Following cellular uptake and internalisation in the late endosomes/lysosomes, the glycan
cap and the mucin-like domain of EBOV GP1 are cleaved off by the cellular proteases, Cathepsin L and B, resulting ina 17
kDa protein called Cleaved GP1 (GPcl). Its subsequent interaction with the endosomal receptor NPC1 and the exposure of
the protein to the endosomes/lysosomes acidic pH, lead the viral glycoprotein to change into a hemifusion conformation,
which will be able to initiate membrane fusion through the exposure of GP2 Internal Fusion Loop (FL) that will be inserted
into the endosome membrane. Fusion occurs when the N- and C-heptad repeat regions (NHR and CHR) fold back to form a
six-helix bundle structure that participates to bring the viral and cellular membrane in close proximity to allow fusion.

36



Following EBOV uptakes by macropinocytosis, the virion ends up inside of late
endosomes/lysosomes where the glycoprotein will be cleaved by cellular proteases, notably
Cathepsin L and B [145,146]. This result in the removal of the glycan cap and the MLD and
the formation of a primed 19 kDa GP+:GP: protein called GP cleaved (GPcl) that is ready for
fusion and necessary for EBOV infection [147]. The exposure of GP1 to the acid pH of the
late endosomes, its processing into GPcl that is subsequently capable to bind to NPC1-C
domain lead to conformational changes in GPcl and the exposure of the GP- IFL that triggers
membrane fusion [148]. In GP: IFL contains hydrophobic residues located at the tip of the FL
that are inserted into the host membrane. At this point the CHR folds back onto the NHR to
form a six-helix bundle that brings the viral and the cellular membrane close enough to allow
fusion, which is possible following the interaction between the IFL and the MPER/TM domain
(Fig. 17) [132].

SHED GP

In addition to the transcriptional editing of GP, another strategy is used by the virus to increase
its panel of glycoproteins and to control GP1 > cytotoxicity. During EBOV infection, EBOV GP1 >
is shed from the cellular membrane and released as a soluble form in the blood of infected
patients and experimentally infected animals, as a truncated polymer, termed GP+ 2, or shed
GP. The cellular metalloprotease TACE (TNFa-converting enzyme) a member of the ADAM
family (a disintegrin and metalloproteinase), also known as ADAM17, has been identified as
being responsible for GP+ > shedding (Fig. 18) [149]. It was shown that shed GP is able to block
virus-neutralizing antibodies against surface GP and to participate in the immune response
dysregulations observed during EBOV infection by binding macrophages, DC and endothelial
cells that, in response, will release inflammatory cytokines, as well as by disrupting the
endothelial barrier either by a direct action of GP1 2, or indirectly through the effects of pro-
inflammatory cytokines [131].

FIGURE 18. EBOV GP1,2a STRUCTURE
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INSIGHTS INTO ADAM17 SHEDDING MECHANISM

The enzyme or “sheddase” ADAM17 regulates numerous key physiological processes by
releasing membrane-anchored cellular factors through a proteolytic cleavage of its substrate
membrane proximal domains. ADAM17 was shown to control TNF-a release and is therefore
involved in the early steps of innate immune activation. Since its discovery in 1997, several
other cyto- and chemokines (MCP-1, CX3CL-1, RANKL...), as well as multiple growth factors
(M-CSF, EGF) and adhesion molecules (L-selectin, ICAM-1, VCAM-1), were shown to be shed
by ADAM17 [150,151]. Cleaved molecules can then either interact with receptors on the same
or neighbourhood cells, or from the same tissue and can even enter the bloodstream. This
sheddase can also downregulate cellular pathways by cleavage of its substrate receptors, as
was shown for TNF-a or M-CSF, to avoid their sustained activation [152]. Of note, ADAM17
over-expression and unregulated activation have been linked to several pathologies, including
chronic inflammatory diseases and cancer. To avoid such a scenario, ADAM17 activity is tightly
regulated by several posttranslational mechanisms (Fig. 19). First, it is synthesised as a 110
kDa proprotein in the ER, where it associates with iRhom proteins that promote its transport to
the Golgi apparatus. Furin cleaves off its inhibitor pro-domain inside of the Golgi. ADAM17 is
then addressed to the secretory pathway in an ERK-dependant manner in order to reach the
plasma membrane. During this process, ADAM17 is packaged into lipid rafts to sequestrate it
away from its substrate that are majoritarily present outside of this membrane microdomain.
At the plasma membrane, mature ADAM17 associates with TIMP3 to force its dimerisation and
prevent its activity. Its phosphorylation by kinases from the MAPK or p38 ERK pathways
release ADAM17 dimers from TIMP3 that will then dissociate into active monomers that can
recognise and cleave its ectodomain targets [153]. It has been shown that ADAM17 is active
only in lipid rafts as its interaction with phosphatidylserines helps ADAM17 to be brought closer
to the membrane proximal domain of its targets leading to their ectodomain cleavage
[154,155].
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FIGURE 19. ADAM17 POST-TRANSLATION REGULATION

Structure and domains of ADAM17 (A). After synthesis, ADAM17 is stocked in the Endoplasmic reticulum (ER).
Following binding to iRhom proteins, it leaves the ER for the Golgi apparatus where it will be maturated (1). ADAM17
regulator pro-domain is cleaved by the proprotease Furin in the Golgi (2). It will then be addressed to the secretory
pathway in an ERK-dependant manner (3). During its transport to the plasma membrane, it is packaged into lipid
rafts (4) and transported to the plasma membrane. At the plasma membrane, ADAM17 is present as a dimer that
binds its inhibitor TIMP3 (7).
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VP30

The EBOV VP30 gene encodes for a multifunctional phosphoprotein that acts as a transcription
factor and that is part of the nucleocapsid [91]. It was shown that the 288-amino acid protein
is phosphorylated on two different clusters of three serines located in its NTD (Position 29 to
31 and 42 to 46). Phosphorylations of VP30 control its interaction with NP as well as its ability
to transcribe the EBOV genome. Indeed, when VP30 is phosphorylated, it associates in NP-
induced IB and is not able to sustain viral transcription, while a fully phosphorylated VP30 loses
its ability to locate inside IB but can activate the production of viral mMRNA [156]. A follow-up
study revealed that the serine at position 29 is majoritarily responsible for sustaining EBOV
transcription. In the current proposed model, VP30 needs to be phosphorylated by an unknown
kinase to ensure its transport to the site of EBOV transcription by interacting with NP through
its CTD, where it will be dephosphorylated by the phosphatases PP1 and PP2A. lts
dephosphorylation in the IB will release VP30 from NP that will then interact with VP35 to form
an active transcription complex. At some point, VP30 is phosphorylated again to insure its
incorporation into the virion and ensure initiation of viral transcription at the beginning of the
infection (Fig. 20) [157,158]. VP30 is able to form homodimers that bind a secondary stem-
loop structure present in EBOV leader in a zinc-dependant manner. Moreover, binding to the
RNA is essential for the dephosphorylated VP30 to interact with VP35 and initiate transcription.
It was suggested that VP30 stabilizes the viral polymerase and VP35 interactions and
increases the affinity of the complex to the viral genome to ensure its transcription [159]. In
accordance, dephosphorylated VP30 allows the transcription reinitiation of the EBOV genome,
suggesting that VP30 helps to resolve secondary structures present in the 5UTR of EBOV
genes [160]. While it was thought that VP30 is not necessary for viral replication, several recent
studies proposed that VP30 could participate in genome, antigenome and mRNA synthesis.
Indeed, blocking the binding of VP30 to NP NTD greatly reduced the amount of all viral RNA
species. As such, it was postulated that VP30, when it is bound with high affinity to NP, could
stabilize the NC and restrain the accessibility of the genome for the viral polymerase. However,
those recent results were obtained using minireplicon systems and were not yet validated by
reverse genetics and

as such, certain
differences may be
observed compared to (i)
what was previously
shown for these
interactions [160—
162].

(iv)

/ ? PPP1,PP2A

FIGURE 20. ROLE OF VP30 IN VIRAL TRANSCRIPTION

Adapted from [149]. In the virion, VP30 is present in phosphorylated and dephosphorylated forms that
interact with NP and VP35, respectively (i). In the cytoplasm of infected cells, the phosphorylated VP30 is
transported with the nucleocapsid into the inclusion bodies (ii), while the dephosphorylated form will
stay in the cytoplasm (iii). In inclusion bodies VP30 will be dephosphorylated by the phosphatase PP1 and
PP2A to be released from its interaction with NP resulting in its interaction with VP35 and the formation
of an active transcription complex, alongside the polymerase L (iv), to allow viral transcription (v).
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VP24

Initial biochemical studies of EBOV VP24 showed that, similarly to VP40, the protein is able to
associate to the plasma membrane and is localised in the perinuclear region and to form homo-
oligomers. It was consequently initially suggested that VP24 is a second but minor matrix
protein [163]. Since then, several roles were described for VP24. Although it is not necessary
for VLP budding, it was shown that alongside NP and VP35, VP24 NTD and CTD domains are
necessary for proper NC formation and transport. Silencing of VP24 in EBOV infected cells
further confirmed those results [80,112,164—166]. Moreover, as VP24 is able to negatively
regulate both EBOV viral replication and transcription it was proposed that VP24 participates
in the NC condensation and can seal it to ensure its transport. Indeed, VP24 mutants that no
longer have the ability to bind NP showed NC formation and packaging defects that were linked
to VP24 NP-dependant NC condensation activity [167]. During adaptation to a new host, EBOV
acquires mutations in VP24 that have been shown to be necessary for adaptation. Indeed, in
addition to its role in viral production, VP24 is an important viral pathogenicity factor and
cooperates with EBOV VP35 to inhibit interferon signalling to prevent immune cell activation
[96,169]. Following recognition of a pathogen, cells will release IFN-a/3 and IFN-y molecules

that will bind IFNAR and IFNGR receptors, respectively, of neighbouring cells. This will lead to
the activation of the JAK-STAT pathway and the nuclear translocation of the phosphorylated
transcription factors STAT1 and STAT2 leading to the induction of a cellular antiviral state (Fig.
21). VP24 binding to the nuclear transporters Karyopherin-a (KPNA1, 5 and 6) involved in
STAT1 and STAT2 nuclear shuttling abolishes the induction of the IFN signalling. Differences
in the ability of VP24 to block the IFN signalling and differences in affinity for the different KPNA
family members was demonstrated to exist between different species of EBOV and was
suggested to participate in the differences between the different EBOV species pathogenicity
[170].

In addition, wild-type VP24 has been shown to produce large aggregates in guinea pig
macrophages compared VP24 from a guinea pig-adapted strain, a phenomenon which could
be potentially attributed to impaired functions of VP24 and an inability of the viral protein to
properly interact with NP and therefore to correctly condense the viral NC [168,171].

rEBOV/WT rEBOV-VP24/8mc

—
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FIGURE 21. VP24-DEPENDANT
NUCLEOCAPSID FORMATION AND
INTERFERON ANTAGONISM

Obtained from [171, 369]. Upper panel: Guinea-pig
macrophages infected with non-adapted rEBOV
virus (rEBOV/WT) fails to produce typical NCs as
observed with the adapted guinea-pig virus
(rEBOV/VP24-8mc). Lower part: In the absence of
viral infection (A), proteins adressed to the nucleus
possess a classical nuclear localisation signal
(cNLS) that afording their binding to armadillo
repeats 2-8 (ARM 2-8, green) localised in nuclear
transporter proteins of the KPNA family, such as
NPI-I. During an infection (B), the production of
interferon molecules (IFN) lead to STAT1
phosphorylation by JAK1/TYK2 kinases and its
subsequent dimerisation. STAT1 dimers have a
non-classical NLS that is able to bind to ARM 8-10
repeats to be able to shuttle to the nucleus to
initiate the transcription of Inteferon-Stimulated
Genes (ISG). During EBOV infection (C), VP24
blocks STAT1 binding to KPNA proteins by
competing for its binding with the ARM 8-10
repeats.
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RNA DEPENDANT-RNA POLYMERASE L

Compared to the other viral proteins, little is known about the 250 kDa RNA-dependant RNA
polymerase L and most of its functions were attributed by comparison with other NNS viral
polymerases. The enzyme is encoded by the most distal gene on the genome and is the least
expressed viral protein [59,71]. It is involved in viral replication and transcription and, similarly
to other NNS viral polymerases, is able to cap and to polyadenylate mRNA following the
recognition of the GE sequence. In addition, it would appear to be able to make homo-dimers
[172]. As it was shown for the Vesicular Stomatitis Virus (VSV) viral polymerase, EBOV scans
the viral genome from the 3’ to the 5’ end and also appears, in some occasions, to be capable
to scan the viral template from 5’ to 3’ [67]. Importantly, EBOV L requires interacting with VP35
to form a functional polymerase complex [172]. Considering its necessary role in viral
replication and transcription, mutations in the polymerase are suspected to represent
adaptation to a new host or a fitness gain and were thus tightly monitored during the 2014
EBOV outbreak to try to assess whether EBOV multiple passaging in humans could lead to its
adaptation and maintenance [9]. Indeed, mutations in a viral protein can severely affect its
functions and modify viral fitness, consequently, viral adaptations are commonly associated
with co-mutations that compensate specific mutations to restore viral fitness [173]. To fully
assess the effect of a mutation on viral fitness, it is thus important to analyse it by itself and in
association with other co-mutations to fully understand the ‘mutation cross-talk’ that exists and
unveils the molecular determinants of pathogenicity [174]. In this context, in vitro studies
showed that a mutation identified during the West Africa outbreak in L, and which was
suggested to modify the structure of the catalytic site, increased viral replication and
transcription and could provide a growth advantage in humans by increasing viral fitness.
Concomitantly, co-mutations also identified in 2014 between GP and L further increased this
fitness [175]. Similarly, analysis of RESTV variants isolated either from monkeys or from
humans that diverged mainly by non-synonymous mutations identified in the viral polymerase
showed a growth adaptive gain in a species-dependant manner [176].
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EBOLA VIRUS DISEASE: PATHOLOGY AND IMMUNE RESPONSE
DYSREGULATIONS

Lethal cases of EBOV are caused by a sepsis-like shock syndrome, characterised by a
widespread massive viral replication, a sustained and uncontrolled release of pro- and anti-
inflammatory cytokines and at later stages, disseminated intravascular coagulation (DIC),
leading to multiple organ failure [177]. As discussed above, several viral factors are admitted
to participate in EBOV pathogenesis by either inducing an immunosuppressive state in infected
cells or by activating immune cells. In this part, the current knowledge about EVD pathology
will be discussed with a particular focus on EBOV-induced inflammation and coagulation
disorders.

EBOLA VIRUS DISEASE PATHOGENESIS

How exactly EBOV initiates the infection and which cells are immediately infected is not
precisely known, however, it is admitted that the primary targets of the virus are from the
mononuclear phagocytic lineage, especially monocytes and dendritic cells [178]. They serve
as an initial viral reservoir and help the virus to be transported to the lymph nodes where it will
replicate extensively prior to dissemination to other organs (Fig. 22) [177]. EBOV possesses a
wide tropism that allows it to infect multiple cell types to sustain its replication. Rapidly after
the beginning of the infection, the liver, the spleen and the lungs are infected and become the
primary sources of virus replication. At the late stages of the disease, the infection becomes
systemic and the virus can be detected into the kidneys, intestines, pancreas, the bladder,
endothelium, as well as immune-privileged sites such as the testis, the ovaries or the eyes,
where the virus can persist for several months after recovery [17,25,179].
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FIGURE 22. EBOV PATHOGENESIS OVERVIEW

From [179]. Direct contacts with an infected animal or another individual led to the infection of cells from the
mononuclear phagocyte lineages (monocytes, dendritic cells, macrophages), that will replicate and transport the virus
to auxiliary lymph nodes. Is followed a widespread dissemination and intense replication of the virus, especially in
the liver, spleen, kidneys and lungs. The viral replication, the release of soluble glycoproteins of viral origin as well as
the intense inflammatory response will lead to tissue and vascular damages.

Ebola virus disease is an acute disease and the clinical iliness lasts for about four weeks and
can be described as four distinct periods: The incubation period, the early iliness, the peak
illness and the recovery phase (Fig. 23) [179]. Until recently, most of the data about EBOV
pathogenesis were obtained from animal models, however, the West Africa outbreak, helped
to gain great insights in the development of EVD in humans.

The incubation period varies and is Ebolavirus species- and even strain-dependant.
Epidemiological studies showed that the incubation period could be as short as two days after
the first contact with an infected person/surface and could last up to 21 days. As such, if in a
country affected by EBOV, no cases were reported for 42 days, two times the maximum
incubation time, the outbreak is declared over. For EBOV, the mean incubation time ranges
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from 5.3 days to 12.7 days. During that period, no symptoms are observed and the persons
are not considered infectious. If shedding during the incubation period has been at least
documented, it is not clear whether the viral load would have been sufficient to transmit the
virus [180].
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FIGURE 23. CLINICAL COURSE OF EBOV INFECTION

Obtained from [179]. The evolution of the viral RNA quantity in the blood (black lines, detected by qRT-PCR and
represented as cycle threshold) during the different phases of the disease is represented. During recovery, no viral RNA
is detected in the blood but infectious viruses have been shown to be able to persist into immune-privilege sites. The
different symptoms and how long they usually persist is pictured.

Next comes the early illness with the onset of symptoms that are nonspecific and resemble a
flu-like disease, with a persistent high fever (~40°C), headache, muscle weaknesses and pains
(myalgia), fatigue and malaise. This phase lasts for about 3 days. As EBOV is usually not
detected directly in the blood after the first symptoms occur, its resemblance with most other
viral diseases makes it difficult to detect the beginning of EBOV outbreaks and to rapidly
contain them [179,181]. With the disease progressing, the patients commonly start to display
multiple severe gastrointestinal symptoms such as nausea, abdominal pain, vomiting, watery
diarrhea, that last for about 7 days. This leads to an extreme loss of fluids (up to 5 to 10L of
water lost due to the watery diarrhea) that is believed to contribute to multiple organ failure and
death due to severe dehydration and hypovolemia shock during the peak iliness. Coagulation
disorders can already be detected in this phase. In addition to gastrointestinal symptoms,
patients may show associated neurologic symptoms, being often in hypoactive and/or
hyperactive delirious state, and confused. The neurologic disorders can continue during the
peak of the disease and lead to meningoencephalitis. Viral-induced hepatic injuries are also
detected and will persist during the peak illness phase.
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The peak illness starts usually a week after symptom onset and this period is critical for the
disease outcome. In an Ebola management centre in Liberia, it was shown that 60% of the
patients will develop a sepsis-like shock that usually lead to death in the next five days [87,180].
The shock phase is associated with loss of consciousness, coma and multiple organ failure.
Renal failure is a common feature of EVD and is attributed to viral replication in renal tubular
cells and glomerular endothelium. Respiratory failure is also observed in 30% of the cases that
could also be caused by EBOV infection of alveolar macrophages and probably other lung
cells. In a similar manner, cardiac dysfunctions are suggested to be either due to EBOV
replication or secondary effects of the disease. Moreover, the coagulation abnormalities
observed during the early illness will persist during the peak illness and lead to disseminated
intravascular coagulation (DIC). The DIC syndrome amplifies EBOV-induced damage to
organs by blocking the blood circulation through the formation of fibrin clots and therefore
participates in the observed ischemia and multiple organ failure [182].

The other 40% of the infected persons will start recovering from the disease. Recovery is
associated with viral clearance and tissue repair as well as the development of a specific
humoral response to the virus, with specific IgG antibodies against EBOV that can be detected
in the blood for after recovery [183]. The ability of the host to control viral replication is also
critical for survival, as survivors have significant lower viral load in the blood [184,185]. As
stated above, during the convalescence phase, live EBOV is able to persist in immune-
privileged sites several months after recovery and contribute to some of the after effects of the
infection. Ocular complications are often observed in addition to long lasting fatigue, muscle
pains and weakness, hearing loss or tinnitus and cognitive issues [186,187]. To this list should
be added an important stigmatisation of the survivors from the local communities that can result
in an important social burden [188].
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INNATE AND ADAPTIVE IMMUNE RESPONSE DYSREGULATIONS DURING EBOLA VIRUS
INFECTION

The immune response to an infection can be divided into two distinct responses: The innate
immune response, which is rapidly induced following pathogen recognition but is largely
nonspecific and the adaptive response that is activated by antigen presenting cells (APC) and
is specific to a pathogen. The adaptive response is further divided into the humoral immunity
and cellular immunity. A proper activation of the innate immune response and the adaptive
response were shown to be essential for surviving EBOV infection.

As already discussed above (see VP35 paragraph), the innate immune response is initiated
following the detection of the infectious agent by pathogen receptors called PRR by sensor
cells, especially resident macrophages, DC and monocytes. These PRRs recognise specific
motifs or PAMPS of an infectious agent. The engagement of the PRR with a viral PAMP leads
to the induction of a panel of anti-viral genetic programs, notably the NF-kB-dependant
cytokines and IRF-regulated IFN-o/-B responses, that initiate inflammation through the
upregulation of pro-inflammatory genes, but also genes involved in the first steps of the
adaptive response [86]. The recognition of a pathogen represents the first phase of the
inflammation. The next phases will be (ii) the recruitment of specialised immune cells, namely
monocytes, neutrophils and NK and T cells, to the site of infection through the secretion of pro-
inflammatory cytokines and chemokines, (iii) the resolution of the infection and (iv) the return
to homeostasis by inducing tissue repair programs and anti-inflammatory cytokines [86,189].
In this part, we will discuss EBOV-induced dysregulation of each of these phases.

PATHOGEN DETECTION

EBOV can be recognised by the surface pathogen receptor TLR-4 and the intracellular
receptors RIG-l and MDA-5. GP1, was shown to interact with TLR-4 in vitro and EBOV dsRNA
intermediates are suggested to activate the RIG-I and MDA-5 pathways but can be blocked by
EBQOV VP35, as already discussed above [92,190]. The link between EBOV GP1 > and release
of pro-inflammatory cytokines has been established by several groups (see below). Recently,
it was proved that while infected at similar levels, monocytes-derived macrophages, when
infected with RESTV do not release pro-inflammatory cytokines, contrary to EBOV. This
difference was linked to the absence of engagement between RESTV GP4> and TLR-4 and
the absence of a sustained induction of innate immune programs was proposed to explain the
absence of pathogenicity in humans for RESTV [191].

IMMUNE CELLS RECRUITMENT

The intense viral replication and the host response to the virus has been linked to the extensive
organ damage that can be observed in infected animal models or humans. In response to
EBOV GP12, human macrophages release IL-1B, TNF-a, IL-6; a continuous macrophage
activation is associated with fatal outcome in humans [131,192,193]. Early reports showed that
similar cytokines can be readily detected in infected patient plasma and infected NHP.
However, the profile of these released cytokines is different between survivors and non-
survivors. In survivors, in the first days of the disease, the release of pro-inflammatory
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cytokines, notably IL-1B8, TNF-a, IL-6 and the T cell recruiter chemokines MIP-1a and MIP-13
is more rapid and pronounced than in non-survivors. Fatal cases are associated with a more
intense induction of the pro-inflammatory cytokines IL-6, IL-8 and TNF-a but also the anti-
infammatory cytokine IL-10 at late stages of the infection [88,182,194]. TNF-a and other pro-
inflammatory cytokines control several key aspects of the immune system. Of interest, they
regulate immune cell migration by increasing vasodilation, permeability and presentation of
surface adhesion molecules by endothelial cells, as well as coagulation pathway activation
[195]. The early and controlled induction of pro-inflammatory cytokines as well as the adequate
release of their antagonists (IL-1RA, sTNF-R, sIL-6R, or moderate levels of IL-10) to limit
immune cell activation and to ensure the return to homeostasis is associated with survival. It
is important to note that while reports and results are contradicting concerning the protective
role of an intense but controlled inflammatory response during the early stage of the infection
— likely due to different sampling times — it is well admitted that the ‘cytokine storm’ observed
during EBOV infection (meaning the massive release of pro-inflammatory cyto- and
chemokines to recruit additional, and in fine more immune cells that can be further targeted for
viral replication, to the site of infection), is detrimental and associated with a fatal outcome,
while a transient and controlled inflammation is necessary and beneficial to control viral
replication and activate an adaptive response [88,196—198]. In addition, EBOV GP12’s role in
cell cytotoxicity, cell rounding and detachment has been proved to be in part responsible for
the necrosis observed in infected organs, notably in hepatocytes and kidneys and to participate
in vascular leakage [131,134].

RESOLUTION OF THE INFECTION

During an infection, DC play a central role in coordinating the innate and the adaptive immune
response. Following the detection of a pathogen, DC will produce large amounts of IL-12 and
type | IFN molecules that will regulate the cytotoxic activity of NK and CD8+ T cell and will
induce an antiviral state to prevent the pathogen from further propagating. The role of the Type
I IFN IFN-a and IFN-B and the T cell specific Type Il IFN IFN-y during EBOV infection is still
debated. Some studies were able to detect the release of the three IFN species into the blood
of infected persons and associate it to fatal infection, while others were not able to detect IFN-
a, IFN-B and IFN-y or found that they were more released in survivors [88,196,199,200]. The
recruitment of specialised immune cells, notably NK and CD8+ T cells, which are involved in
the clearance of infected cells, is believed to participate in EBOV pathogenesis [88,137].

The role of NK cells during EBOV infection is not clear. In vitro studies showed that monocytes,
macrophages and DC were all able to release IL-12 in response to the virus but this seems to
not be secreted during human infection [88,131,201]. Whilst suggested to participate in organ
damage by destroying infected cells, recent data suggests that NK cells are not able to
efficiently detect EBOV infected cells and that their proper activation is associated with
recovery [140,202].

DC are antigen-presenting cells (APC) and as such are able to mount non-self-peptides onto
aclass Il MHC (HLA-DR) and present it to the surface of its plasma membrane before migrating
in the draining lymph node sites. With the help of the class || MHC and costimulatory molecules
(notably CD80, CD86, CD40, CD11c, CD83), the newly maturated DC, is able to activate naive
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CD4+ and CD8+ T cells that in response will proliferate and migrate to the site of the infection
to resolve it. During EBOV infection, DC are readily infectable, however, the cooperation of
VP35 and VP24 blocks DC maturation. In this respect, infected DC present an aberrant
maturation profile with an upregulation of CD40 and CD80, a slight increase of CD86 and HLA-
DR but no CD11c and CD83 and also fail to induce T cell proliferation [89,96,203].

In addition to the lack of proliferation signals by DC, lymphopenia is a hallmark of EBOV
infection. Classically, during an infection, CD4+ T cells will, after encountering a mature DC,
be activated and different CD4+ T cells subsets will actively participate in fighting the infection
by helping DC-priming of CD8+ T cells and by playing a central role in their recruitment to the
site of the infection. CD4+ T cells are also necessary for B cells to produce neutralizing
antibodies, as was shown for the production of specific EBOV GPi. antibodies during
vaccination trials. Finally, they can also directly kill infected cells through a cytolytic activity
[204—-206]. CD8+ T cells are cytosolic cells that expand and migrate to the site of the infection
to destroy or promote the death of infected cells through the release of TNF-a, IFN-y or perforin
and granzymes [207]. Alongside EBOV GP1 that directly promotes lymphocyte death through
direct binding, the upregulation of Fas/FasL and TRAIL molecules, the intense release of TNF-
a and the improper maturation of DC that lead to a deregulated DC/T synapse are believed to
participate in the lymphopenia observed in the spleen and Iymph nodes during
EVD [195,208,209]. Furthermore, the high production of reactive oxygen species and nitric
oxide species released by infected macrophages has been identified in lethal infections of
NHPs and humans and could participate as much as in tissue damage as in T cell death [88].
The role of T cell activation during EBOV has been long postulated to be essential for
protection [182,210]. While in fatal infections CD4+ and CD8+ T cells are still activated, further
analysis showed that their activation was abnormal and correlated with an increased
expression of both CTLA-4 and PD-1, which are markers of loss of function, probably in
response to the strong inflammatory microenvironment and viral replication [196,211]. On the
other side, in survivors CD8+ T cells were able to set a strong EBOV-specific T cell response,
especially against NP and VP24 peptides [212].

The role of the humoral response and the production of specific anti-EBOV IgG is evident.
Analysis of sera from humans that survived infection all show a rapid production of specific-
IgM about 10 to 29 days after symptom onset, which are then progressively replaced starting
from around 19 days post-onset by high amounts of IgG, that can persist for several decades.
Recent data showed for the first time that plasmablast proliferation was observed 2 to 3 weeks
after symptom onset in human [183,213,214]. However, in lethal cases, the presence of IgM
and IgG are not observed, suggesting that these disease victims were not able to mount a
proper humoral response. In line with this result, animals pre-challenged with candidate
vaccines were able to induce a robust B and CD4+ T cells response, which was associated
and necessary for high titers of IgG anti-EBOV, and survived lethal infection [206,215].

RETURN TO HOMEOSTASIS

The inflammatory effectors released to eliminate the pathogen and to remodel the infection
environment to ensure the rapid arrival of specialised immune cells is deleterious for the host
if it is not controlled back to its normal levels. During EVD, several lines of evidence have
shown that non-survivors are not able to regulate the activation of inflammation, while for
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survivors, the secretion of anti-inflammatory cytokines, as well as tissue repair proteins such
as the platelet derived sCD40L is observed during the infection [216]. Interestingly, anti-
inflammatory cytokines are released at lower levels in survivors than in non-survivors,
especially at the late stage of the disease. This suggests that the timing of and the proper
release of anti-inflammatory cytokines is necessary to return to homeostasis, otherwise it can
only further destabilize the immune response and participate in EBOV pathogenicity [88,196].

In summary, it appears that survival to EBOV is associated with a rapid but controlled induction
of the inflammatory response to be able to rapidly mount a specific humoral and cytotoxic
response against the virus and to control viral replication. In lethal cases, viral infection cannot
be restrained, which leads to a sustain and important dysregulated activation of the
inflammatory response with the release of both pro and anti-inflammatory cytokines. This will
lead to an improper activation of the different immune cells, especially DC cells and T cells,
and important tissue damage participating in the observed pathogenesis.
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COAGULATION DISORDERS

Coagulation is part of hemostasis, a highly ordered and complex process that controls vascular
integrity. Over the last few years, it became more and more evident that coagulation pathways
are involved in innate immunity by helping to prevent pathogen dissemination in the
bloodstream. Importantly, coagulation and inflammation are tightly interwoven with multiple
cross-talk: activation of inflammation modulates coagulation activity and coagulation is able to
impact inflammation by either inhibiting or amplifying it. Any changes in the balance can result
in a complete dysregulation of both systems and lead to life threatening pathologies [217-219].
Coagulation is activated by several interconnected pathways: The extrinsic pathway, the
intrinsic pathway or the lectin pathway, either simultaneously or separately and ultimately lead
to fibrin deposition and the formation of a fibrin clot. Complement is also known to be able to
amplify coagulation. EBOV coagulation disorders are well known and are described for NHP
and human infection with fatal cases being associated with the development of a DIC
syndrome during the late stage of the disease. Indeed, numerous markers of coagulation
activation can be observed during EVD, with a decrease of levels of fibrin and the coagulation
inhibitor protein C in plasma, an increase in prothrombin time and fibrin degradation products
(D-dimers) and thrombocytopenia are commonly described [182,194,216,220,221]. How
exactly EBOV impacts the coagulation system is not well characterised but growing evidence
shows that it can directly impact some of the coagulation activator pathways that will further
be described here.

EXTRINSIC PATHWAY

The extrinsic pathway activated by type | integral glycoprotein Tissue Factor (TF). Exposure
of TF to plasma protein Factor VII forms the TF/FVlla complex that initiates the activation of
the coagulation pathway. The formation of the TF/Vlla complex results in the activation of
serine proteases that can interact with plasma membrane receptors that control inflammation
such as PAR receptors and TLR-4 (Fig. 24) [222]. In a normal physiological state, TF is both
constitutively expressed in cells that are hidden from blood cells in the subendothelium or is
expressed at low levels in an inactive form in monocytes and endothelial cells. In those cells,
inflammatory cytokines and infection are known to be able to up-regulate TF expression at
their surface, which can also be secreted into the bloodstream in the form of microparticles.
Alternatively, endothelium injuries expose the TF normally concealed from the bloodstream.
During EBQV infection, upregulation of TF is observed at the surface of monocytes and is
believed to strongly participate in the early activation of coagulation [220]. Furthermore,
treatment of EBOV-infected monkeys with rNAPc2, a specific recombinant inhibitor of the
TF/FVIla complex showed a significant decreased in active TF that correlated with an
increased survival and lower inflammation, highlighting the role of coagulation disorders in
EBQV pathogenicity as well as the bidirectional control existing between the coagulation and
the inflammation [223].
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FIGURE 24. TISSUE FACTOR-DEPENDANT EXTRINSIC COAGULATION ACTIVATION AND INTERPLAY
WITH INFLAMMATION

Obtained from [211]. The interaction between Tissue Factor (TF) and the coagulant mediator FVII initiates the extrinsic
coagulation pathway (left). It leads to the generation of active serine proteases (in red) from their inactive zymogens
(in black) that will ultimately result in the cleavage of Fibrinogen (FB) into Fibrin that polymerizes and cross-link to
form fibrin clot to stop bleeding or pathogen spreading. The interactions existing between the different coagulant
mediators and cellular receptors that can activate the pro-inflammatory response are shown (right).

INTRINSIC PATHWAY

The intrinsic pathway involves the formation of a complex of three serine proteinases, the
coagulation factor XII (FXII), FXI and plasma prekallikrein (PK) and a single non-enzymatic
cofactor, high molecular weight kininogen (HK). As this process requires direct binding to
negatively charged surface, it is also known as the contact pathway [224]. Direct evidence of
intrinsic pathway activation by EBOV in humans or NHP are not known, however, a study
performed in guinea pigs infected with MARYV displayed an increase in circulating PK and
bradykinin, factors produced during activation of the intrinsic pathway. The ability of HK to bind
to phosphatidylserine molecules (PS), which are highly represented on EBOV virion surfaces,
and the results obtained for MARV infection could suggest that the intrinsic pathway is
potentially also upregulated during EBOV infection [224—-226].
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LECTIN AND COMPLEMENT PATHWAYS

The lectin pathway is the perfect example of a cellular pathway that communicates with other
pathways to control both the innate immune response and the coagulation cascade. The C-
type lectins, mannan-binding lectin (MBL) and the H-, L- and M-ficolins are specialised
complement-activating PRR that predominantly recognise mannose and N-acetylglucosamine
(GlcNAc) that are mostly present on bacterial and viral glycoproteins [227,228]. MBL and
ficolins are homo-oligomeric proteins formed of a collagen-like domain that allows homo-
oligomerization of three subunits that form the structural subunits, and 3 to 6 of these trimeric
subunits will associate to form the functional protein. MBL proteins recognise and bind their
target proteins through its carbohydrate-recognition domain (CRD). Ficolins on the other hand
possess a fibrinogen-like domain that has a similar function to the CRD from MBL. The MBL
and Ficolins are active when associated with the serine proteases Mannose-Associated Serine
Protease 1 (MASP-1), MASP-2, MASP-3 and two non-enzymatic proteins, MAp19 and Map44,
which are truncated forms of MASP-2 and MASP-1 respectively (Fig. 25). These truncated
forms conserve their MBL binding domain and are thought to be regulators of MASP protein
activities. Upon MBL binding to a carbohydrate group, MASP-1 auto-activates and cleaves
MASP-2 to render it active. It was shown that both MASP-1 and MASP-2 can activate either
the complement pathway or the coagulation system. The MBL:MASP-1:MASP-2 complex
participates in the cleavage of the complement proteins C2 and C4 into their cleaved products
C2a and C4a that together form the C3 convertase protein, which is the main effector of the
complement cascade. How exactly MBL and Ficolins are able to initiate the coagulation
cascade is not entirely understood, however, it was shown that MASP-1 and MASP-2 were
able to cleave different coagulations factors, notably to cleave prothrombin into thrombin that
then cleaves fibrinogen into fibrin to create fibrin clot [229]. Furthermore, MBL-Knockout mice
have a delayed activation of the coagulation cascade and when infected with Staphylococcus
aureus develop DIC [230]. In a similar fashion, it was shown that Ficolin:MASP-1:MASP-2
complexes are activated following binding to activated platelets and fibrin clots and circulating
D-dimers, again highlighting the cross-talk existing between inflammation and coagulation
[231,232].

VSV viruses pseudotyped with EBOV glycoprotein were shown to interact with recombinant
human MBL (rhMBL) and able to prevent its interaction with its attachment receptor DC-SIGN
[233]. This study also shows that MBL actively participates in the complement-dependent
neutralisation of pseudotyped EBOV viruses and thus potentially of EBOV. In another report,
MBL was shown to be able to block EBOV GP42x-induced immune cell activation [131].
Surprisingly, M-Ficolin binding to EBOV GP+, leads to an increased infectivity instead of
neutralizing EBOV particles [142]. The protective role of of rhMBL during EBOV infection was
further demonstrated by treating infected mice with large amount of rhMBL that resulted in an
important increased survival [234]. MBL concentrations in humans are extremely variable
(ranging from 0.002ug/mL to 10ug/mL) [228] and could thus represent a genetic factor that
can determine EBOV infection outcome [131]. Interestingly, the results of Michelow IC et al.
(2011) further highlight the role of the complement pathway, that appears to be necessary for
MBL-dependant EBOV protection [234]
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FIGURE 25. MBL AND FICOLIN STRUCTURE.

Modified from [227] and [228]. Schematic representation of MBL (A) and Ficolin (B) structures and how they can
interact with the complement pathway (C). Both proteins are homo-oligomers formed of a collagen-like domain that
allows self-oligomerisation. Through their interaction with MASP proteins, it was shown that MBL and Ficolins are able
to cleave the complement protein C4 into C4a resulting in the activation of the complement pathway cascade.
Alternatively, when bound to MBL, MASP-1 cleaves prothrombrin into thrombrin that is able to cleave fibrinogen
products into fibrin.
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The classical complement pathway is initiated by the C1q complex, formed of the C1q protein,
a homo-oligomeric protein that resembles MBL and Ficolins, and two molecules of C1r and
C1s. C1q possesses two distinct structures: A Six globular head and a collagenous region.
The collagenous region is involved in anchoring the C1q complex to the cell plasma membrane
through the recognition of a specific cellular ligand and the globular head is able to bind the Fc
portion of an antibody that is fixed to its targets. Of importance, during EBOV infection, it was
shown in vitro that antibodies bound to the virus were able to be recognised by the C1q
complex and enhanced EBOV binding to its receptor and to promote EBOV infection [235].
The possibility of antibody-dependent enhancement (ADE) raises questions for vaccines
development that could be potentially deleterious for the host. Recently, ADE was also shown
to occur using antibodies from human survivors, however, the actual role of such antibodies
for EBOV pathogenesis is not known [236].
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FIGURE 26. C1Q STRUCTURE AND ANTIBODY-DEPENDANT ENHANCEMENT

From [235]. Structure of C1q protein (A) showing its globular domain and the localisation of its cellular ligand binding
region. In (B) is represented the proposed model for Antibody-dependant Enhancement (ADE) during EBOV infection.
The FC portions of antibodies bound to EBOV are recognised and bound by C1q complex that is fixed to the plasma
membrane through its cellular ligand binding region. In this context, EBOV interactions with its cellular attachment
receptors are enhanced, facility its entry.

56



THERAPEUTIC STRATEGIES AGAINST EBOLA VIRUS

With the recurrent and recent EBOV outbreaks, intensive efforts were made to release
approved therapeutic approaches based on the different strategies that have been developed
over the years using different animal models to treat EVD. In the different attempts to find a
way to protect from EBOV infection, two different approaches can be distinguished: Passive
immunisation and active immunisation [237,238]. In this part, an overview of the different
strategies will be given with a particular focus on the rVSV-AG-ZEBOV-GP vaccine and the
results of the different studies are summarised in Table 3.

PASSIVE IMMUNISATION

Passive immunisation is based on the transfer of EBOV-specific neutralizing antibodies
obtained either from survivors, through the use of convalescent plasma, or by directly injecting
cocktails of monoclonal antibodies (e.g. ZMapp) directed against EBOV GP1 2. During the last
outbreak in West Africa, both strategies were tried. However, while they confer protection in
NHP primates, their true efficiency in human remains uncertain and additional tests are
required [237,238].

DIRECT IMMUNISATION

INACTIVATED EBOV

The first attempts of direct immunisation were performed in the 1980s with the use of EBOV
inactivated viruses (heat, formalin or y-irradiation). In addition to contradictory results about
their ability to protect against EBOV, the use of such vaccination methods always raise
important safety concerns [239-242].

DNA VACCINES

DNA vaccines tested for EBOV are based on the injection followed by electroporation of
plasmid encoding either EBOV GP gene alone or with NP. The advantage of such a system is
that it is possible to create plasmids encoding several filovirus GPs to create broad protection.
This method showed promising results in NHP, offering 100% protection, but in humans, the
seroconversion was below 50%. DNA vaccination using at the same time a plasmid encoding
for IL-12 appears to significantly increase the seroconversion rates up to 90% in humans. The
advantage of DNA vaccination compared to other strategies is that it is inexpensive to produce
and extremely safe and stable. However, due to its poor immunogenicity, several injections
are required to be able to mount a robust immune response to the virus [237,242,243].
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VIRUS-LIKE PARTICLES

Virus-like particles (VLP) are commonly used in laboratory settings to study the activation of
immune cells. It is then not surprising that several attempts have been made to try to use them
as vaccines. The advantage of this system is that it is relatively easy to produce as it primarily
only requires transfection of cells with plasmids encoding for EBOV GP, VP40 and NP genes
for the production of non-infectious viral particles that can then be easily purified. NHP
immunised by VLP with different adjuvants were protected against EBOV lethal challenge four
weeks after vaccination with the detection of antibodies against EBOV. So far, VLP have never
been tested during outbreaks and while they offer advantages (cross-protection between
different species, native antigens, non-replicative and no pre-existing immunity), they are
produced through transient transfection in mammalian cell lines, which is expensive and
laborious [244,245].

REPLICATION-DEFECTIVE AND -COMPETENT VACCINES

Multiple different vector-based vaccines have been developed and offered positive results.
Again, two types exist: Replication-defective and replication-competent viral vectors. The
advantage of replication-defective vaccine is that they can be administered to
immunocompromised individuals. Unfortunately, they usually induce a humoral and cellular
response that is less potent compared to that seen with replication-competent vectors.

REPLICATION-DEFECTIVE VACCINES

MODIFIED VACCINA ANKARA VIRUS BASED VACCINES

The first attempts were made by generating a vaccinia Ankara virus expressing GP alone
(MVA-BN), but they did not confer any protection in NHP. Recently, a MVA expressing both
GP and VP40 genes (MVA-EBOV) was created and showed 100% protection in different
animal models, including NHP, following a single dose injection [246]. MVA-EBOV infects cells
which results in the production and the release of VLP. The MVA-BN vaccine is currently used
in combination with the Ad26 vaccine and promising results were observed. It is now ongoing
phase lll trials in this form.

RECOMBINANT VENEZUELAN EQUINE ENCEPHALITIS VIRUS (VEEV) REPLICON

In this system, VEEV structural proteins were replaced with EBOV NP and EBOV GP genes
leading to the formation of replicon-deficient viral particles (VRP-NP and VRP-GP). So far, only
the VRP-GP showed protection in NHP [247].

KUNJIN VIRUS BASED-VACCINE

Kunjin-based vaccines expressing either a modified anchorless GP or a GP that has a mutation
that increased its shedding (GP D637L) were generated and used to immunise guinea pigs. In
the context of the transmembrane deleted mutant but also the shedding mutant, Kunjin VLP
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are formed but when they are produced, no GP proteins are incorporated into the VLP. The
results showed that animals immunised with the Kunjin GP D637L replicon were fully protected
compared to animals immunised with the anchorless version. So far, no results are available
for NHP immunisation [248].

RECOMBINANT EBOVAVP30

A recombinant EBOV virus deleted for its VP30 gene was shown to induce complete protection
in NHP. The advantage of this vaccine platform is that the vaccination is made, with the
exception of VP30, with the full spectrum of EBOV antigens, including viral RNA. VP30 is
absolutely necessary for viral replication and its deletion makes it a promising recombinant
replication-deficient EBOV vaccine [249,250].

REPLICATION-COMPETANT VACCINES

During the 2014 EBOV outbreaks, several antiviral compounds were tested, such as
favipiravir, brincidofovir, as well as a monoclonal based therapy with the ZMapp cocktail, the
use of convalescent plasma from survivors, siRNA against GP, VP24 and L mRNA (TKM-
Ebola). Of all the strategies used, replication-competent vaccines seem to provide the best
protection so far [251-255].

HUMAN PARAINFLUENZA VIRUS TYPE 3 (HPIV3)

HPIV3 expressing EBOV GP protein (HPIV3/EboGP) demonstrated protection following
intranasal immunisation in NHP [256]. The inconvenience of this vector vaccine is the
existence of a very high pre-existing immunity (more than 94%) against HPIV3 in the human
population. While it is possible to still bypass this pre-existing immunity through several vaccine
doses, it appears to not be the best alternative for vaccination [237].

RECOMBINANT ADENOVIRUS 5 (RAD5)

Initially, a rAd5 expressing GP (rAd5-GP) was developed and a single dose injection was
proved to be sufficient to provide full protection against EBOV lethal challenge in NHP [256].
Similarly to HPIV3, pre-existing immunity against Ad5 exists and to try to solve this issue, the
human Ad26 and chimpanzee Ad3 (ChAd3), which are known to have a lower seropositivity in
humans, vaccines were generated [258]. Of note, ChAd3 was chosen based on the
seropositivity data from European population, and as such might not represent the actual
seropositivity that could exist for the populations that are present in regions where the virus is
endemic. As of today, both the Ad26 and the ChAd3 boosted with MVA-BN are undergoing
human clinical trials. In NHP it was shown that this system provided complete protection with
no clinical signs of EVD after viral challenge. Remarkably, in humans, the seroconversion rate
is of 100% [259,260].
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RECOMBINANT VESICULAR STOMATITIS VIRUS (RVSV)

The Vesicular Stomatitis virus (VSV), is an arthropod-borne virus and the prototype
rhabdovirus. The bullet-shaped virus possesses a 11kb ss(-)RNA genome that encodes five
genes organised in tandem: N, P, M, G and L (Fig. 28). N encodes the nucleoprotein that,
alongside the phosphoprotein P, the polymerase L and the RNA, will compose the
nucleocapsid [261]. The VSV M gene encodes three polypeptides, M1, M2 and M3, through
alternative codon initiation. The matrix protein M1 controls several key aspects of the VSV life
cycle, including viral budding, apoptosis, and interferon antagonism through the inhibition of
host transcription and mRNA nucleo-cytoplasmic transport machineries. The M gene encodes
two additional polypeptides denoted M2 and M3 that have a conserved CTD with the full-length
M1 protein, as they are synthesised by alternative initiation at internal downstream codons.
The M proteins form the matrix lattice of the virion. Finally, the glycoprotein G mediates viral
binding and fusion. Its binding to phosphatidylserine, expressed on almost all cell types, and
its interaction with the ubiquitous intracellular LDL receptor for fusion, allows VSV to infect a
remarkable range of cell types and tissues [262,263].
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FIGURE 27. VESICULAR STOMATITIS VIRUS GENOMIC ORGANISATION AND STRUCTURE.

Obtained from [261]. The single-stranded negative RNA Vesicular Stomatitis Virus (VSV) genome is encoding for five
different genes: The nucleoprotein N, the phosphoprotein P, the Matrix M, the glycoprotein G and the polymerase L. The
nucleocapsid is formed of the VSV N, P and L proteins. The viral matrix is formed by the VSV M protein and the viral
glycoprotein G is inserted into the host-derived membrane

The availability of the reverse genetic system for VSV makes it possible to generate
biocontained recombinant Vesicular Stomatitis viruses (rVSV) in which the VSV G gene is
replaced by a foreign viral glycoprotein gene [253,264]. These rVSV are able to successfully
incorporate the new glycoprotein into infectious virions, while continuing to grow rapidly to high
titers, similarly to those observed with the wild-type virus (Fig. 28) [253]. As such, rVSV are
commonly used as tools to elucidate the role of the glycoproteins in viral entry and cell tropism,
including for highly pathogenic viruses.

As a vaccine platform, rVSV-based vaccines are widely considered attenuated with respect to
wild-type virus and usually display a restricted tropism. rVSV-based vaccines for EBOV have
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demonstrated encouraging results. Indeed, the rVSV-AG-GP vaccine expressing the EBOV
GP gene (rVSV-ZEBOV, or hereafter, rVSV-GP) has shown remarkable protective effects
against EBOV infection in animal models and is currently undergoing clinical phase lll trials to
be used as a vaccine against Ebola virus disease [251,265]. Of interest for the development
as a human candidate-vaccine, when used as a prophylactic vaccine it has been shown that
the rVSV-based vaccine was able to protect NHP when vaccinated as a single shot a month
before being challenged with high dose of EBOV (1000 PFU) and to completely prevent EBOV
replication. This protection was associated with the development of an appropriate cellular and
humoral response with the generation of neutralizing antibodies against EBOV glycoprotein.
Vaccinated animals display a transient viremia that lasts for only two days and similar
observations were made during human trials [251,252,266]. Shedding of the replicative
vaccine from vaccinated animals has been detected by RT-PCR in rare cases, but it has never
been isolated, highlighting its inability for vector transmission [264]. However, vaccinated
animals with one Filovirus species are less protected against another, and attempts have been
made to develop a rVSV expressing two different filovirus antigen that improved cross-
protective efficacy [265,267]. Importantly, while lower, this vector still able to offer a significant
protection in immunocompromised primates and is perfectly tolerated. This is of special
importance when we take in account that Filovirus outbreaks occur in an African area where
Human Immunodeficiency virus (HIV-1) prevalence is around 4% but can be as high as 14%
in adults [266,268]. Furthermore, post-exposure vaccination was demonstrated to provide
around 50% protection and is believed to have saved the life of a laboratory worker that was
accidentally exposed to EBOV [269-271]. Vaccination appears to provide long-lasting
protection as evidenced in small rodent models that were still protected against EBOV
challenge up to 18 months after vaccination [271]. In addition to offering protection against
EBOV and MARYV infection, rVSV-based vaccines appear to offer a significant protection
following lethal challenges with multiple viruses in NHP, including Lassa virus, Nipah virus or
HIV and a rVSV virus expressing two different antigens (EBOV and the hantavirus Andes virus)
offers protection against both viruses [273—-276]. A non-negligible advantage of VSV for
vaccine development is the very low pre-existing seroprevalence against the virus, which limits
the risk of an existing immunity against the vector that could impair vaccine efficiency.
Furthermore, NHP were successfully protected against EBOV lethal infection following rVSV-
EBQV vaccination whilst they were already challenged before by a rVSV/LASVGPC (rVSV
against the Lassa virus glycoprotein) and Lassa virus three months before [277].
Consequently, the ability of this vaccine vector to grow to high titer, the very low seropositivity
in the human population and its apparent ability to offer protection against multiple viral
infections following a single injection, make the rVSV-based vaccines very attractive.
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FIGURE 28. REVERSE GENETIC SYSTEM FOR THE GENERATION OF RECOMBINANT VESICULAR
STOMATITIS VIRUSES (rVSV)

BHK stably expressing the T7 polymerase are transfected with helper plasmids encoding for VSV N, M and L genes
as well as a full-length plasmid encoding for the VSV genome (under the T7 promotor) deleted of its G gene that has
been replaced by a foreign glycoprotein gene (1). The viral (-)RNA is synthesised from the full-length plasmid by the
T7 polymerase. In parallel, helper plasmids are transcribed and translated (2). The newly synthesised viral N, P and
L proteins forms the nucleocaspid which is capable to replicate and transcribe the (-)RNA VSV genome (3) leading
to the production of all VSV proteins, including VSV M and the foreign viral glycoprotein (4). Viral particles are
assembled and released at the plasma membrane (5).

62



Vaccine type/Vector Replication-competent Immunogen Animal studies / Clinical trials Efficlency
Inactivated EBOV No NP, VP35, VP40, GP, VP30, VP24, L, VRNA Guinea pigs Uncertain
DNA N/A NP, GP Phase | Poor immunogenicity
VLP NA NP, VP40, GP NHP 100% protection (NHP)
MVA No VP40, GP NHP 100% protection (NHP)
VEEV No VP40, GP NHP 100% protection (NHP)
Kunjin No GP Guinea pigs 100% protection (guinea pigs)
rEBOVAVP30 No NP, VP35, VP40, GP, VP24, L, vRNA NHP 100% protection (NHP)
HPIV3 Yes GP NHP 100% protection (NHP)
ChAd/MVA Yes GP Phase lll 100% protection (NHP)
vsv Yes GP Phase Il 100% protection (NHP and human in ring vaccination)

TABLE 3. CANDIDATE VACCINES AGAINST EBOLA VIRUS
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MOLECULAR CHARACTERISATION OF THE rVSV-AG-ZEBOV-GP
VIRUS, PROTOTYPE VACCINE AGAINST EBOLA VIRUS

OBJECTIVES

The recent EBOV outbreaks in West Africa and in the Democratic Republic of Congo lead to
the death of about 11,000 disease victims for more than 30,000 confirmed cases [9]. To try to
contain viral spreading and mortality, especially among health care workers, the World Health
Organization pushed forward to test in humans several therapeutic strategies and candidate
vaccines. Amongst all of the strategies developed in the last decade, the one that is offering
the best protection in several animal models, including immunocompromised monkeys, is
currently the rVSV-AG-EBOV-GP (rVSV-ZEBOV; rVSV-GP hereafter) candidate vaccine. In
outbreak settings, rVSV-GP ring vaccination® trials are promising and are seemingly offering
full protection from EBOV infection and transmission and are now entering Phase Il clinical
studies [251,252,278,279].

While rVSV-GP effectiveness and safety has been widely investigated before human trials,
and since its initial development in our laboratory [253,265], the molecular characterisation of
this replication-competent virus is still extremely limited to the point where the only data
currently published are those confirming the correct expression of GP12 in cells infected with
the vector and its growth kinetic compared to the wild-type VSV virus [253,279]. Therefore, the
molecular basis of how this vaccine provides disease protection is currently unclear. Further
characterisation would provide insights into what make this vaccine so successful in protecting
humans and animals against EVD and could help in the development of other rVSV-based
vaccines with which to fight other viral diseases.

EBQV glycoprotein synthesis is a complex mechanism that requires transcriptional editing of
the GP gene resulting in the production of several distinct viral glycoproteins that, in tandem,
are likely central to the immunopathogenicity of the virus, as discussed above. EBOV full-
length GP+» protein is a highly glycosylated trimeric protein that is inserted into the viral host-
derived membrane. Importantly, both the immunogenicity and the toxicity of the viral
glycoprotein were linked to its glycosylations, which are also necessary from the point of view
of the infected host to mount a successful immune response directed against EBOV
[134,141,280-282]. In addition, the full-length GP1> and its truncated soluble form, GP12a
which is shed by the cellular sheddase ADAM17 were shown to participate in immune cell
activations and dysregulations as well as cellular damage [120,124,131]. Furthermore, it was
shown that the soluble glycoprotein sGP is produced during the infection from an EBOV virus
with an 8U genotype, and that it has the ability to interfere with the host antibody response
directed against EBOV surface glycoprotein and to mediate inflammatory processes [58,121—
123]. However, due to a lack of characterisation of the rVSV-GP virus, it is firstly, unknown if
such viral glycoproteins are produced in the context of this vaccine vector and, secondly, if
they resemble the ones produced during EBOV infection. It is of particular interest to
understand this, as several candidates’ vaccines that tried to express modified GPs proved
unable to protect the host against EBOV infection. Indeed, as discussed above, a vaccine
candidate expressing a transmembrane deleted mutant was unable to protect guinea pigs in a

5 Ring vaccination: As defined in [278]: ‘Vaccination of a cluster of individuals at high risk of infection,
owing to their social or geographical connection to a confirmed index case.’
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Kunjin-replicon based system and similar results were observed with a recombinant
Adenovirus approach [248,257]. Furthermore, several studies pointed out the importance of
the humoral immunity and the development of GP specific antibodies for survival during EBOV
infection. In the context of vaccination, while it would also be vector-dependant, the activation
of the humoral response but also apparition of protective, neutralizing antibodies are likely to
be governed by the proper structure and nature of the viral glycoproteins that are presented
[206,283,284]. Such elements emphasize the need to precisely characterise the nature of the
glycoproteins, which are synthesised and released from the edited GP gene inserted into the
rVSV genome (8U phenotype) during rVSV-GP infection. Therefore, in this work, we aimed to
provide a better comprehension of the production and the processing of the EBOV glycoprotein
from rVSV-GP infected cells.

To this end, we investigated and characterised the release of GP12 into the cell culture
supernatant of infected cells either as a virion-bound or as a shed form, using wild-type rVSV-
GP or rVSV-GP modified viruses that have different shedding abilities. Furthermore, we
addressed the ability of the VSV polymerase to edit 8U GP gene to identify the potential release
of sGP or ssGP during infection [70,116,117]. Moreover, we studied the upregulation of several
pathways known to participate in the cleavage of ADAM17 substrates to understand which
molecular pathways could be involved in EBOV GP4, shedding in the context of an infection
and to identify new potential therapeutic targets.

During vaccination trails, multiple side effects have been reported, with most of the participants
showing signs of fatigue, fever (up to 40°C), sweating, headache, chills, myalgia and in some
limited cases, infectious colitis, that was associated with abdominal pain and mild diarrhea with
blood, as well as arthralgia and nausea. Mild-to-moderate lymphopenia, neutropenia and
thrombocytopenia were also observed in the first days following vaccination [251]. The
molecular characterisations of the viral glycoproteins synthesised during rVSV-GP provided in
our work and presented in this thesis offer new insights with which to understand the success
of the rVSV-GP vaccine but also the potential viral origins of such side effects and could help
in developing a safer vaccine, which currently cannot be used in an immunocompromised
population.

65



RESULTS

EBOV GP1,24 RELEASE FROM rVSV-GP INFECTED CELLS

Recombinant VSV expressing EBOV GP.. (r'VSV-GP) has been widely used to investigate
specific steps of the EBOV life cycle, and is now used as a prototype vaccine, however, so far
and as detailed above, the potential release of soluble glycoproteins during rVSV-GP and their
characterisation has never been studied even though these soluble forms have clearly been
implicated in multiple steps of virus development and pathogenicity mechanisms and may also
be crucial in influencing the potential success of a vaccine candidate.

During EBOV infection, GP1 is shed from the plasma membrane by the cellular sheddase
ADAM17 as a form known as Shed GP or GP12,, a phenomenon which has been shown to
control GP12 cytotoxicity and to participate in EBOV pathogenicity mechanisms (Fig. 29A)
[131,149,285]. Similarly, cells transfected with a plasmid expressing EBOV GP, are able to
shed the glycoprotein, indicating that EBOV GP, is by itself self-sufficient to be recognised by
ADAM17 and to be released as its soluble form into the cell culture supernatant [131].
Considering that shedding only requires that ADAM17 is active and that GP1 is transported
to the plasma membrane, it was hypothesised that during rVSV-GP infection, the viral
glycoprotein could likewise be released as the soluble, truncated soluble GP1 25 form.

To study this, both VeroEG6 cells (Fig. 29B, lower panel) and 293T (Fig. 29C) were infected with
rVSV-GP at the indicated MOI and cell culture supernatants were collected 36 hours post-
infection. The supernatants were clarified from cellular debris and dead cells by low speed
centrifugation (‘SPNT’) and then ultracentrifuged over a 20% sucrose cushion to separate the
pelleted virion-bound GP12 (‘Virion’) from unpelleted soluble proteins present in the upper
‘supernatant’ fraction (‘UC’). All samples were analysed by western-blotting using rabbit sera
that recognizes both the GP1 subunit and the two forms of GP- (as detailed in Fig. 16 and Fig.
18). The different amounts of viral glycoproteins in the cell culture supernatant fractions were
then estimated using ImageJ software [286].

In VeroEb infected with rVSV-GP either at a MOI of 0.1 or 0.01, the GP+ subunit was always
detected as a single band in all analysed fractions, including in the ultracentrifuged supernatant
fraction that should contain soluble glycoproteins, suggesting the presence of the viral
glycoprotein as a soluble form (Fig. 29B, Lanes ‘SPNT’, ‘UC’ and ‘Virion’). As demonstrated
previously by Dolnik O et al. (2004), the virion-bound GP; has a lower electrophoretic mobility
than the soluble GP2, and migrates at around 25 kDa, whereas the soluble truncated form
GP2, migrates faster with a molecular weight of about 21 kDa. Both forms can be readily
detected in the supernatant of EBOV-infected cell cultures [149]. For both MOI, in the low-
speed clarified supernatant (lane ‘SPNT’), two bands of different molecular weights were
detected, corresponding to the GP2 and GP.. forms (Fig. 29A, left panel). Following
ultracentrifugation, supernatants (lane ‘UC’) contained the single GP2, band that migrated
around 21 kDa and that was not pelleted alongside the virion (lane ‘Virion’). Similarly, a single
band of about 25 kDa is found in the virion/pelleted fraction but was excluded from the soluble
ultracentrifuged supernatant fraction (Fig. 29B, left panel). The quantification of the signals of
GP2 and GP2, in the clarified supernatant showed that GP2, represents about 25% of the total
viral glycoproteins released from cells infected at a MOI of 0.01 and about 20% from cells
infected at a MOI of 0.1 (Fig. 29B, right panel).
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In the human cell line 293T, the GP1 subunit was also detected in all the analysed fractions
(Fig. 29C, Lanes ‘SPNT’, ‘UC’ and ‘Virions’). Similarly, to VeroE6 cells, in the clarified
supernatant, two proteins of distinct molecular weight were observed. However, compared to
VeroE6 (Fig. 1A, lane ‘SPNT’) their separation was less evident, suggesting potentially
differences in their glycosylation profile. After ultracentrifugation, the band of higher molecular
weight that corresponds to GP, was absent from the soluble fraction (Fig. 29C, Lane ‘UC’) and
was detected as a single band in the pelleted virion fraction (Fig. 29C, Lane ‘Virion’). As
expected, on the other side, the protein of lower molecular weight was excluded from the
membrane/virion-bound fraction and was only detected in the soluble ‘UC’ fraction.
Densitometry quantification showed that around 15% of the viral glycoprotein present in the
clarified supernatant was in a truncated soluble form (Fig. 29C, right panel).

Therefore, during rVSV-GP infection and in a similar fashion as during EBOV infection,
the viral glycoprotein GP1 is released in the cell culture supernatant as a virion-bound
form (GP2) and is shed from the infected cells as a soluble truncated form (GP2,).
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FIGURE 29. ANALYSIS OF GP1,2a RELEASE FROM rVSV-GP INFECTED CELLS.

The structure of GP1,2 and GP1,2a is shown (A). VeroE6 (B) and 293T (C) cells were infected with rVSV-GP at the indicate
MOI. Thirty-six hours post infection, supernatants were collected and clarified by low-speed centrifugation (SPNT) an
the soluble proteins present in the supernatants (UC) were separated from the membrane-associated proteins (Virio1
by ultracentrifugation. Before analysis, the ultracentrifuged pellet was concentrated 5 times in DMEM 3%FBS. Sample
were analysed by western-blotting in a 12% gel. The viral proteins were detected using sera recognising both EBO
GP1,2 subunits. Densitometry analysis was performed using the Image] software.
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rVSV-GP-HS VIRUS RESCUE

To further study the release of GP1 2, from infected cells in the context of the recombinant VSV
vector system, an additional rVSV-GP virus engineered by reverse genetics and bearing the
substitutions D637A and Q638V was rescued. Those mutations in the EBOV GP shedding site
were identified as drastically modifying its shedding ability by modulating GP+ > recognition by
ADAMA17 to increase glycoprotein shedding during both EBOV infection and GP transfection.
This “High Shedding” phenotype mutant will be referred to as GP-HS hereafter [131,285].

For virus rescue experiments, BHK cells stably expressing the T7 polymerase (BHK-T7) were
transfected with plasmids encoding all VSV accessory proteins involved in nucleocapsid
formation (VSV-L, VSV-P and VSV-N) and a rVSV-GP full-length plasmid encoding the VSV
viral genome under the control of a T7 promoter. In this full-length plasmid, the VSV G gene
has been replaced by EBOV GP gene with the D637A and Q638V mutations (Fig. 30A and
see Fig. 28 for a detailed explanation of the rescue system to generate rVSV viruses). Up to
seven days post-transfection, BHK-T7 cells were monitored for cytopathic effects and rescue
was confirmed and amplified following passaging of BHK-T7 supernatants onto VeroEG6 cells.
Following transfection and subsequent amplification, the rVSV-GP-HS was successfully
rescued and amplified and the presence of the mutations was confirmed by sequencing of the
viral stock produced in VeroEG6 cells (Fig. 30B).

Similarly to before, VeroE6 cells were infected with either rVSV-GP or rVSV-GP-HS and the
differences in GP1 2 release efficiency into the supernatants were then analysed by western-
blotting and protein levels were quantified by Imaged (Fig. 30C). As before, for both viruses,
the GP+ subunit was detected as a single band for all fractions (Fig. 30C, left panel, Lanes
‘SPNT’, ‘UC’ and ‘Virion’). However, compared to the rVSV-GP virus, the GP+ band present in
the soluble ultracentrifuged fraction (‘UC’) was more intense, whereas the GP1 band in the
virion was less pronounced, implicating an increased shedding that would result in less virion-
associated GP1 for this virus (Fig. 30C, left panel, see Lanes ‘Virion’ for rVSV-GP and -GP-
HS). In the clarified supernatants of rVSV-GP and GP-HS viruses infected cells, GP, and GP2x
are both detected with a clear increase of GP2a release observed from cells infected with the
GP-HS variant (Fig. 30C, left panel, Lane ‘SPNT’). This was confirmed by densitometry
quantification that showed that there was almost three times more GP2, that accumulated in
the supernatant of rVSV-GP-HS infected cells (Fig. 30C, right panel, 20% for rVSV-GP and
55% for rVSV-GP-HS). Accordingly, and as observed for GP4, a higher shedding phenotype
decreased the level of GP- in the virion fraction (Fig. 30C, left panel, Lane ‘Virion’ of rVSV-GP
compared to rVSV-GP-HS).
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Those results show that similarly to EBOV, a rVSV-GP high shed variant is viable and
modifications of GP shedding site resulted in a significant increase in GP12 shedding.
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FIGURE 30. COMPARAISON OF GP1,2a RELEASE EFFICIENCY BETWEEN rVSV-GP AND rVSV-GP-HS

VIRUSES

Schematical representation of EBOV GP2 subunit (A). Its wild-type shedding cleveage site and the high-shed mut:
(HS variant; in red) are shown. rVSV-GP-HS was rescued in BHK-T7 cells and the virus was amplified in VeroE6 cells
presence of the mutation after one passage on VeroE6 cells was verified by RT-PCR and Sanger sequencing (B). Simi
to before, VeroE®6 cells were infected for thirty-six hours and the supernatant (‘SPNT’), the ultracentrifuged supern:
(‘UC’) and the pelleted virion (‘Virion’) were analysed by Western-Blotting. The amount of GP2a was quantified
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KINETIC RELEASE OF GP1,24a FROM INFECTED CELLS

It was shown for EBOV that GP; . is continuously shed from the plasma membrane during
infection [285]. The kinetics of GP1 24 release for rVSV-GP infection was therefore investigated
to understand if the viral protein was continuously shed into the supernatant of infected cells.

VeroEG6 cells were infected with rVSV-GP at a MOI of 3 and the appearance of GP4, GP- and
GP24 in cells and supernatant were monitored by western-blotting (Fig. 31, left panel). The
amount of the virion-bound GP2 and of the soluble GP2, released in the cell culture media were
then quantified and plotted over time (Fig. 31, right panel). In the first 12 hours of the infection
few virion-bound GP, were detected in the cell culture supernatant. After 12 hours post-
infection, an important and seemingly exponential GP- release was observed and continued
until the end of the kinetic. In contrast, GP2, was only detected in the culture media 18 hours
post-infection and then gradually accumulates over time. As in the supernatant, in cells, GP4
is rapidly detected and accumulates over time. Unexpectedly, the presence of a GP2-specific
band that migrated in a similar fashion to GP., was detected in cells 12 hours post-infection.
While, virion-bound GP: levels were decreasing after reaching their maximum at around 24
hours post-infection, it would appear that this lower molecular weight protein that would appear
to correspond to GP2, continued to accumulate in infected cells. This protein was never
previously observed either during EBOV infection or GP transfection and is indicated by ‘A?’
in the figure.

This experiment demonstrates that GP4,, is continuously released in the cell culture
supernatant after infection with rVSV-GP. Furthermore, and contrary to EBOV, in during
rVSV-GP infection, an intracellular GP2,-like protein was detected and accumulated over
the time-course of the experiment.
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FIGURE 31. KINETIC OF GP1,2a RELEASE FROM rVSV-GP INFECTED CELLS

VeroE6 cells were infected with rVSV-GP at a MOI of 3 in a 6-well plate. Cells and supernatants were collected at the indicated
time-points. To collect cells, the media was removed and the same amount of fresh DMEM 3%FBS was added. Cells were then
scraped from the well and collected. The cell culture media was prepared as before. Samples were run by Western-blotting in a
12% gel and the released of GP2: was quantified by Image]. A? Indicates the position of the GP2 protein that migrates in a similar
fashion than GP2a in cells.
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IDENTIFICATION OF A FULLY MATURE GLYCOSYLATED GP2 DURING rVSV-GP
INFECTION

During its processing and trafficking to the plasma membrane, EBOV glycoprotein acquires
multiple O- and N-glycosylations. In the Endoplasmic Reticulum (ER), the precursor Pre-GPer
has N-glycosylations that are sensitive to the glycosidase Endo H (blue circles), whereas, in
the Golgi apparatus and at the plasma membrane, both Pre-GP and GP:, possess Endo H-
resistant mature N-glycosylations (red circles) [120]. Of importance, GP, possesses only two
N-glycosylation sites and only one acquires N-glycosylation complex glycans that resist Endo
H cleavage. As a consequence, both GP2 and GP2, are partially resistant to Endo H [149]. All
GP forms are, however, sensitive to the amidase PNG F that is able to cleave all glycans (Fig.
32). Therefore, by comparing Endo H and PNG F treatments, it is possible to reveal the actual
size of the protein and to understand if differences in migration profiles between different
glycoproteins are due to differences in glycosylations or are due to different amino acid
sequences. Deglycosylation treatments help then to follow the intracellular transport of viral
glycoproteins and to determine if electrophoretic mobility changes correspond to differences
in glycosylations or in protein size.
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FIGURE 32. EBOV GP SYNTHESIS AND GLYCOSYLATIONS

The glycoprotein is first synthesised as a precursor in the Endoplasmic reticulum (Pre-GPer) which has immature N-
glycosylations (shown by blue circles) that are mostly attached to the mucin-like domain (MLD) present in the future GP1
subunit. In the Golgi, the glycoprotein High mannose N-glycosylations are matured into complex type N-glycans (Pre-GP)
and is cleaved by the cellular enzyme Furin into GP1 and GP2, which associates into a dimer that are linked by a disfulde
bound. At this point, it has complex N-glycans (red circles). In GP2 two N-glycosylations sites exist but only one has
complex N-glycans attached to it. The mature GP1,2 is a trimeric protein inserted through its transmembrane domain (TM)
into the host-cell derived membrane.

While intracellular cleavage of ADAM17 substrates had been suggested in early publications,
it is now admitted that ADAM17 cleaves its target ectodomains only at the plasma membrane
(Fig. 19) [287,288]. The observation of a protein that migrated similarly to GP2. in western-
blotting in the previous experiments presented above was thus surprising (Fig. 31). As such,
to understand the nature of this ‘GP2x-like’ protein product seen in infected cells and to confirm
if this cellular-associated protein indeed originated from intracellular cleavage, the
electrophoretic mobility of this newly detected form was compared to the GP2 and GP2a
released from infected cells following glycosidase treatments. In this respect, rVSV-GP
infected cells and supernatants were collected 36 hours post-infection and the soluble and
virion-bound proteins were separated as before and all fractions were subjected to Endo H and
PNG F treatments before western-blotting analysis.

In cells, in the mock-treated condition, a single GP1 band was visible whereas after Endo H
treatment, two bands of different size were observed (Fig. 33A, Lane 1 compared to Lane 2).
Of the two bands detected after exposure to Endo H, only one stayed at the same position as
the unique band detected in the mock condition. This demonstrates that one form is able to
resist to Endo H, while the other one is sensitive to it. After PNG F treatment, both proteins
underwent a mobility shift and were closely co-migrating. This shows that the proteins not only
differ in their glycosylations but have also variations in their amino acid sequences (Fig 33A,
Lane 3 compared to Lane 2). As expected, this analysis demonstrates that in rVSV-GP infected
cells, GP1 is present in two different forms: The Pre-GPgr that is immaturely glycosylated and
is therefore Endo H and PNG F sensitive (marked by a ‘# and a ‘## respectively, Fig. 33A,
Lanes 2 and 3), and the Endo H resistant Pre-GP/GP4 that possess complex glycans. This
form is also PNG F sensitive as mentioned above (** in the Fig. 33A). Similar results were
obtained with rVSV-GP-HS infected cells (Fig. 33A, right panel).

GP; analysis showed that in cells, two forms were again also visible: The virion-bound GP-
and the newly identified GP2x-like product, indicated as ‘GP2-’ in the Figure (Fig. 33A, Lane 1).
For both viruses, after Endo H deglycosylation, the GP» band was no longer detected and a
single band migrating at the same size as the GP2- protein was observed. The intensity of the
signal of this band was stronger in the Endo H condition than in the mock condition (Fig. 33A,
Lane 2 compared to Lane 1), indicating that the GP, and GP-- proteins co-migrated. This result
shows that GP2» is Endo H resistant. In the PNG F condition, a unique band was seen, showing
that they were again co-migrating (Lane 3, the PNG F sensitive forms are noted by a “**). In
addition, following Endo H treatment, the GP. subunit was migrating as a size between the
mock-treated protein and the fully deglycosylated protein confirming that the GP» produced
during rVSV-GP was resistant to Endo H (Fig. 33A, Lane 2 compared to Lanes 1 and 3).
Therefore, the difference of size observed between the two proteins is not due to differences
in amino acid sequences but in their glycosylation pattern. This GP2-like protein would then
appear to be not the result of an intracellular cleavage but of an abnormally glycosylated GP1»
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resulting in a protein that migrates at the same size than GP2a. It will consequently be referred
to as GP2.res (GP2resistant; Fig. 33C).

Examination of the GP+ signals obtained in the low-speed centrifuged supernatant (Lanes 1 to
3, ‘SPNT’, Fig. 33B), showed that the subunit is always detected as a single, fully matured
form, as it can be seen by the absence of Endo H sensitive forms. However, it is, as expected,
PNG F sensitive (marked by a “**, Fig 33B, ‘SPNT’, Lane 3). No differences were observed
when the protein is either present as a soluble form (‘UC’, Lanes 4 to 6, Fig. 33B) or a
membrane-bound form (‘Virion’, Lanes 7 to 9, Fig. 33B). This result shows that, as expected,
the membrane-bound full-length GP and its shed form have complex glycans attached to their
GP4 subunit. At the exception of differences in the amount of glycoproteins present in the
different soluble or insoluble fractions, no other differences could be observed between the
rVSV-GP and rVSV-GP-HS viruses (Lanes 1 to 9).

In the supernatant of infected cells (Lanes 1 to 3, ‘SPNT’, Fig. 33B), two distinct GP, subunits
were again detected, corresponding to the virion-bound GP- and the truncated soluble GP2
(Fig. 29). Treatment with Endo H and PNG F lead to a similar change of migration patterns for
both proteins. After Endo H treatment, the position of the GP; protein is noted by a **’ whereas
the position of the GP2a is marked by a ‘+’ (Lane 2, ‘SPNT’, Fig. 33B). Similarly to what was
seen after Endo H, following PNG F digestion, two bands were detected (The position of GP-
and GP2, after PNG F are noted by “* and ‘++’ respectively, in the Lane 3, ‘SPNT’, Fig. 33B).
The fact that the two GP, forms were both showing to a similar mobility shift and were never
co-migrating after treatment with the amidase PNG F that removes almost all N-linked
oligosaccharides, demonstrates that the proteins are not differing by their glycosylations but
by their amino acid sequences. Analysis of the ultracentrifuged supernatants (Lanes 4 to 6,
‘UC’, Fig. 33B) and of the pelleted virions (Lanes 7 to 9, ‘Virion’, Fig. 33B) again confirmed that
the higher molecular weight protein that is solely present in the virion fractions, was the
insoluble membrane-bound GP., as shown by its absence in the UC fraction (Fig. 33B, Lanes
4 to 6 compared to Lanes 7 to 9). Furthermore, as observed for GP- in cells, (Fig. 33A), both
GP, and GP2, were only partially resistant to Endo H treatment. Indeed, proteins digested by
Endo H were migrating faster than those that were mock-treated but slower than those
digested with PNG F (Fig. 33B, ‘SPNT’, Lane 2 compared to Lanes 1 and 3 and Fig. 33C). In
addition, no GP2.res could be observed in the UC and virion fractions after deglycosylation.
Interestingly, while similar results were obtained with the rVSV-GP-HS virus, a faint band that
migrated in a similar fashion to GP2, present in the clarified (‘SPNT’) and ultracentrifuged (‘UC’)
supernatants was observed in the virion fraction after Endo H and PNG F treatments (Noted
A?, Lanes 17 and 18, compared to Lanes 2-3 14-15). Of note, partially digested proteins
following PNG F treatment are indicated by a ‘$’ in the figure.

The observation of a form that behaved similarly to GP2, following Endo H and PNG F
treatments in viral particles would suggest that GP2. could also in someway be incorporated in
the virus. To confirm such observations, rVSV-GP-HS viral particles were first pelleted over a
20% sucrose cushion and were then resuspended and ultracentrifuged over a 20% and 60%
sucrose cushion. In those conditions, the virus is present at the interface between the 60%
sucrose and the 20% sucrose, preventing contaminations coming from the soluble proteins
that cannot penetrate the 20% sucrose cushion. The virus was then collected at the interface
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and was analysed as before, alongside the cell culture media (‘'SPNT’) and the ultracentrifuged
supernatant (‘UC’) (Fig. 33D).

In the clarified supernatant, the membrane-bound GP2 and GP2, were again observed (Lanes
1 to 3, 'SPNT’, Fig. 33D) and both forms were partially resistant to Endo H (™’ and ‘+
respectively in the Figure) and fully sensitive to PNG F (** and ‘++’ in the picture). In the virion
fraction, in addition to the membrane-bound GP that reacted similarly to Endo H and PNG F
treatments as in the previous experiment (see Fig. 33B and Fig. 33D, Lanes 7 to 9, ‘Virion’),
this GP2a-like protein could again be detected. Indeed, in Lanes 8 and 9 (‘Virion’, Fig. 33D) a
protein of lower molecular weight and that migrated at the same position as GP24 in the soluble
fraction (‘UC’) was seen following Endo H and PNG F treatments (marked by a ‘+’ and ‘++’
respectively; Fig. 33D, Lanes 4 and 7). This form presents in the viral particles acted similarly
to the GP2, present in the SPNT and the UC fractions after deglycosylation treatments. In this
experiment, the amount of GP> or GP2, partially digested by PNG F is higher than before
(marked by a ‘%)

Taken together, those results show that (i) in cells, two different GP1, proteins are
produced: A GP4; protein with a GP4 subunit that is fully resistant to Endo H treatments
and a GP; subunit that is partially resistant to Endo H and that then resembles the full-
length glycoprotein produced during EBOV infection, and a second GP+ protein, that
has never been observed before this work, that has a mature GP4 subunit but that has
two GP: N-glycosylations that have complex N-glycans and that is as such completely
resistant to Endo H treatment. We subsequently named this protein form GPres (Fig.
33C, left panel) (ii) The virion-bound GP4. and its shed form released from rVSV-GP
infected cells are glycosylated similarly to the viral proteins released during in cellulo
EBOV infection (Fig. 33C, right panel) and (iii) a detectable amount of GP2, can be
detected and incorporated into the viral particles in the context of rVSV-GP infection
but the GP2.res protein detected in cells is neither detected as a soluble form nor present
in virus particles.

A
rVSV-GP rVSV-GP-HS

Endo H - + - -+ -
PNG F - -+ - - +

GP — "
Pre-GP:R — -#..: -#- -#

Cells
76



rvVSV-GP rVSV-GP-HS

SPNT UcC Virion SPNT UC Virion

Endo H +--+——+
PNG F +- -+ - -

+1

aP, JN...
L

++

7 8 9 10 11 12 13 14 15 16 17 18
l J
Cell culture media

PNG F sensitive PNG F sensitive
Endo H Endo H Endo H Endo H Endo H Endo H
resistant sensitive resistant resistant resistant resistant
Complex type High mannose Complex type Complex type Complex type Complex type
glycan type glycan glycan glycan glycan glycan

] LN\
-/ T R I—3
N

N

GP:2 TACE GP4 GP2-res TACE
cleavage site cleavage site

77



Virion
ADAM17 Endo H + +

— e L .-'

¥k — -

j “
Partially cleaved GP12 GP + « .,.,.
trimers incorporated 24 ;

FIGURE 33. GLYCOSYLATION ANALYSIS OF SOLUBLE OR MEMBRANE-BOUND GP RELEASED DURING
rVSV-GP INFECTION

into virions

VeroE6 cells were infected with rVSV-GP and rVSV-GP-HS at a MOI of 3 and the cells (A) and the cell culture media (I
collected as before. Samples were boiled in laemli buffer and then were either mock-treated or incubated with the glyc
Endo H or the amidase PNG F for 2 hours 30 at 37°C. Sampels were analysed by western-blotting as before. The scl
representation of the N-glycosylations of GP1,2 and GP1,2-res are shown (C). The model for the incorporation of partially
GP1,2 molecules is presented (D, left panel). GP2a incoporation into the viral particles was verified by loading the rVSV
clarified supernatant on a double 60%-20% sucrose layers and ultracentrifuged. The virion that was at the interfac
two sucrose layers was collected. Samples were then analysed by Endo H and PNG F (D, right panel). After deglycos
with Endo H and PNG F, the position of Pre-GPer, GP1 and GPz are indicated by a (#), (*) and after PNG F by a (**), respe
GP2a position after Endo H is marked by a (+) and after PNG F by a (++). ($) shows the position of partially d
glycoproteins after PNG F treatments.
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EXAMINATION OF EBOV GP12 AND ADAM17 SPATIAL DISTRIBUTION DURING rVSV-GP
INFECTION

The incorporation of a pool of partially cleaved GP1 trimers in rVSV-GP viral particles has never
been observed before with EBOV [150]. Considering that both EBOV GPi; and ADAM17 are
colocalised into lipid rafts, it is surprising that this incorporation appears to be limited. Indeed,
this aberrant protein can only be detected following Endo H and PNG F treatments, suggesting
that a mechanism exists to limit the cleavage of EBOV GP;, trimers at the plasma membrane (Fig.
33D). In the absence of such mechanisms, the apparition of this partially cleaved glycoprotein into
viral particles could be expected to be more important than what was observed here. It was
previously shown, that uptake of viral glycoproteins into the budding particles was controlled by
a segregation mechanism [322]. As such, we postulated that during the infection EBOV shedding
would occur in a separate place than budding allowing to limit the incorporation of aberrant
fusion-defective viral glycoproteins into the released virions.

In this respect, A549 cells were infected with rVSV-GP at a MOI of 1 and cells were fixed 24 hours
post-infection and stained with anti-EBOV-GP; and anti-ADAM17 antibodies. Unpermeabilised
cells were then examined by confocal microscopy and the localisation of both proteins at the
plasma membrane was visualised following iso-surface 3D surface rendering (Fig. 34). In infected
cells, EBOV GP1 signal (Fig. 34, upper panel, in green) appears to be homogenously distributed at
the plasma membrane. On the opposite, ADAM17 (Fig. 34, upper panel, in red) seems to be
clustered in specific areas of the cellular membrane. This observation was confirmed following
careful analysis of infected cells (Fig. 34, lower panel that shows the cells highlighted by the
rectangle in the upper panel), that clearly shows that the cellular sheddase is not uniformly
distributed alongside the plasma membrane compared to the viral glycoprotein that covers the
surface of the infected cells. A similar result was observed in non-infected cells (Fig. 34, upper
panel).

Therefore, this result suggests that ADAM17 is specifically clustered in compartments of
the plasma membrane and that it only partially co-localise with EBOV glycoprotein during
the infection.
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FIGURE 34. SPATIAL DISTRIBUTION OF ADAM17 AND EBOV GP1,2 IN rVSV-GP INFECTED CELLS

A549 were infected at a MOI of 1 for 24 hours. Cells were then washed in PBS and fixed with 4% PFA. EBOV GP1 and ADAM17 monoclonal
antibodies were used for labelling and imaged on a SP5 Confocal microscope with a Zeiss 1.4 Oil 64x lens. Dapi was used to detect nuclei. 3D
reconstruction of cellular membrane was performed using the Imaris Software and the iso-surface rendering option.




STUDY OF GP1,2 AND GP1,2-res TRANSPORT TO THE PLASMA MEMBRANE

The absence of GP12res in a soluble form or in viral particles could be due to a defect in its
transportation to the plasma membrane. In this case, this protein should be expected to
accumulate in the Golgi apparatus of infected cells and be largely absent from the plasma
membrane.

To investigate this, rVSV-GP infected cells were collected and lysed in a hypotonic buffer and
cellular organelles were separated through a 10%-30% iodixanol gradient by
ultracentrifugation. Fractions of equal volumes were collected and analysed by western-
blotting (Fig. 35A). ER fractions were revealed using an antibody directed against the ER
chaperon-specific protein calreticulin; the plasma membrane and the Golgi-associated
membrane proteins were detected with an antibody against Flotillin-2. Both Calreticulin and
Flotillin-2 were detected in the first ten fractions and were enriched in some of those fractions.
Indeed, Calreticulin was enriched in fractions 5 and 9 whereas Flotillin-2 was more
concentrated in fractions 1, 5 and 9. This shows that fractions 1 and 5 contained plasma
membrane- and Golgi-associated proteins and fraction 9 ER-associated proteins (Fig. 35A).
EBOV GP, subunit was detected in all fractions collected but was also enriched in fractions 1,
5 and 9. The GP; subunit was only detected in the fractions that contained Golgi and plasma
membrane-associated proteins (fractions 1 to 5) while the GP2res protein was also detected
in the ER-associated fraction (Fractions 1 to 9). Interestingly, a GP-specific protein of higher
molecular weight than GP2 and GP..res was also observed starting from the fraction 9 and was
not detected after the fraction 5 (indicated as *“*', Fig. 35A).

To confirm the nature of the different GP proteins present in these three cellular fractions
(noted as 10 1, 10 5 and 10 9, respectively, Fig. 35B) and to understand how the different viral
glycoproteins are synthesised and transported, samples were treated with the glycosidase
Endo H as above and the amounts of the glycoproteins were estimated using ImageJ (See
Fig. 32, for the ability of the different GP forms to resist Endo H treatments depending on nature
of the attached N-glycosylations and of their cellular localisation). Densitometry quantification
of the GP-, proteins is shown in Fig. 35C.

Unsurprisingly, Pre-GPer was maijoritarily detected in the fractions corresponding to the ER
and Golgi (Its position is noted ‘#, IO 9 and 10 5, Fig. 35B) and was almost undetectable in
fraction 1. Whilst the Pre-GP/GP+ band was still observable in the ER-associated fraction (10
9), its levels were higher in the fractions associated with the Golgi and the plasma membrane
as expected (10 5 and 1, respectively).

The GP2 subunit can be only detected as a unique subunit following Furin-dependant cleavage
in the Golgi [120]. In this respect, the detection of a GP, of higher molecular weight that first
appeared in the ER fraction (IO 9) and then accumulated in the Golgi fraction (IO 5, Fig. 35B
and densitometry analysis Fig. 35C) was surprising. Following Endo H treatment, a shift in
electrophoretic mobility of this product was observed, indicating that this form is Endo H
sensitive and contained no mature glycosylations (noted by a ** in the condition Endo H,
fraction 109). Based on its sensitivity to Endo H and its cellular localisation, this form appears
to be the immediate result of the cleavage of Pre-GPgr and it was thus named Pre-GPx. In the
Golgi apparatus/fraction 105, a protein of lower molecular weight but that is fully Endo H
resistant is detected alongside Pre-GP; and consequently corresponds to GP2.res.. Of interest,
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at the plasma membrane (fraction IO 1), we can detect both the partially sensitive GP (noted
“*"in the condition Endo H) and GP2res (Fig. 35B). Interestingly, densitometry analysis reveals
that GP, represents only 12% of the total GP; proteins detected at the plasma membrane
suggesting that the complex glycan GP2res form is able to reach and accumulate at the plasma
membrane of infected cells (Fig. 35C).

This experiment demonstrates that (i) a non-glycosylated GP: precursor can be
detected in rVSV-GP infected cells and that (ii) the additional complex glycan attached
to GP: is not interfering with its transport to the plasma membrane.
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FIGURE 35. ORGANELLES SEPARATION FROM rVSV-GP INFECTED CELLS

rVSV-GP infected cells were collected 24 hours post infection and lysed in a hypotonic buffer for 30 minutes on ice.
Nuclei were pelleted and the lysed samples were mixed with OptiPrep™ and organelles were separated by
ultracentrifugation. Fractions of equal volumes were collected from the top and analysed as before. To detect GP1 and
GP2 rabbit sera were used. Calreticulin and Flotillin-2 were detected with monoclonal antibodies (A). The lodaxinol
fractions 1, 5 and 9 were submitted to Endo H treatments and the amount of the different glycoproteins were quantified
by Image] (B). After Endo H treatment, (*) indicates the position of GP2, GP2-res and Pre-GPz, (#) of Pre-GPer

GP1,2 AND GP1,2-rRes LOCALISATION AT THE PLASMA MEMBRANE

The transport of GP1 2-res to the plasma membrane but its absence in viral particles and rather
its accumulation in cells could be the result of an accumulation of GP12.res in other plasma
membrane compartments than lipid rafts, where rVSV-GP budding and ADAM17 substrate
cleavage are supposedly occurring [77,103,155].

To separate the membrane microdomains of rVSV-GP infected cells, cells were lysed in a lysis
buffer containing the non-denaturing detergent CHAPS and a floatation assay was performed
(Fig. 36) [289]. This protocol allows the separation of detergent-sensitive membranes (DSM)
from detergent-resistant membranes (DRM) containing lipid rafts (LR). An antibody against the
lipid raft-specific protein Flotillin-2 was used to visualize lipid raft localisation in gradient
fractions. GP4 and the different GP; proteins were detected and quantified as above (Fig. 36A).
While detected in all fractions, Flotillin-2 was highly enriched in the top fractions 1 and 2. GP4
was present in all fractions but was also enriched in fractions 1 and 2 and in fractions 7 to 9.
GP; and GP2.res proteins were observed in all fractions (Fig. 36A, upper panel). However, GP-.
res appeared to be more enriched in fractions 1 and 9 compared to GP2, as shown by
densitometry quantification (Fig 36A, lower panel, red curve).

Similarly to Fig. 35B, the natures of the viral glycoproteins were confirmed by subjecting the
proteins from the fraction 1, 2 and 9 to Endo H and PNG F treatments. Treatments of the
fractions 1, 2 and 9 revealed that the lipid-raft associated fractions 1 and 2 possess more Endo
H-resistant mature Pre-GP/GP, than fraction 9, where Pre-GPer was principally detected (Fig.
36B, fractions 1 and 2 compared to fraction 9; Pre-GPer is indicated by a ‘#). These
observations would indicate that, the DSM fractions (fractions 6 to 9) contain Golgi and ER
proteins and the fractions 1 and 2 contain majoritarily lipid raft-associated proteins.

The migration patterns of the two GP- proteins digested by Endo H and PNG F were identical
to what was observed previously (See Fig. 33A). Indeed, after Endo H treatment the GP
protein co-migrated with the Endo H-resistant GP..res form. Additionally, both proteins were
co-migrating when subjected to PNG F. This demonstrates that GP..res is properly transported
to lipid rafts. Of note, following Endo H and PNG F treatments, of the 1 and 2 fractions, no
GP2, protein could be observed.

Consequently, it was again possible to confirm that GP2res is transported to the plasma
membrane (Fig. 35) and that this complex glycan form of the protein is not excluded
from lipid rafts where it appears to be enriched compared to GP- (Fig. 36A).
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INVESTIGATION OF GP1,2-rRes INCOPORATION INTO VIRAL PARTICLES

The results obtained thus far would seemingly suggest that if GP12> and GP12.res are both
present at the same sites of the plasma membrane but that no GP12res is incorporated into
the virion, it is likely due to a mechanism that can control the incorporation of correctly
glycosylated viral glycoproteins into the virion. GP12 overexpression is detrimental for cells and
its sustained presence at the plasma membrane leads to cellular damage and death [290,291].
Furthermore, it has been shown for other viruses that viral glycoproteins could alter membrane
structures and their proper functions [292—-294]. Cells infected with a rEBOV virus harbouring
the L635V substitution have more glycoprotein incorporated into the viral particles than wild-
type EBOV. This comes from the inability of the glycoprotein to be cleaved by ADAM17, leading
to its accumulation at the plasma membrane and thus resulting in a more pronounced
cytopathic effect [285]. We hypothesised that during the infection by a rVSV-GP virus with a
low shedding phenotype (rVSV-GP-LS), the accumulation of the viral glycoprotein at the cell
plasma membrane should saturate it, altering membrane structures and rendering the
glycoprotein segregation system less efficient, thus leading to the formation of viral particles
that contain both the GP12 and GP12.res proteins.

To confirm this hypothesis, a rVSV-GP virus with the L635V mutation was rescued as before
and the presence of the mutation was confirmed by Sanger sequencing following amplification
of the rescued virus on VeroEG6 cells (Fig. 37A and 37B) [131,285]. VeroE6 cells were then
infected and sedimentation analysis by ultracentrifugation were performed followed by Endo H
and PNG F treatment as before to confirm the absence of shedding and the nature of the
glycoproteins that were expressed in cells and released in the cell culture supernatant (Fig.
37C). In cells and similarly to before, a single protein was observed for GP4 (Fig. 37C, upper
panel and see Fig. 33). The Pre-GP+/GP1 Endo H-resistant form and the Pre-GPer Endo H-
sensitive protein (the only one that was submitted to a change in electrophoretic mobility (noted
‘#, Fig. 37C, upper panel), were revealed after Endo H treatment. Again, both forms were
sensitive to PNG F and were migrating closely following treatment, further demonstrating that
Pre-GPer and Pre-GP/GP+ are different, based on their glycosylation patterns but also in their
protein sequence. For GP2, two different forms were detected that should correspond to GP»
and GP2.res, based on previous results (See Fig. 33). Endo H treatment showed that only the
GP; protein was partially resistant as it co-migrated with the Endo H-resistant GP2.res form
(GP2 position after Endo H is marked by a “*, Fig. 37C, upper panel). Both proteins were again
PNG F sensitive and were co-migrating (GP2 and GP2res PNG F sensitive proteins are noted
** Fig. 37C, upper panel).

To investigate the incorporation of GP..res in the viral particles under these conditions using
the mutant virus, the clarified supernatant (‘SPNT’) was ultracentrifuged over a 20% sucrose
cushion and the ultracentrifuged supernatant (‘UC’) containing soluble glycoproteins and the
pelleted virions (‘Virion’) containing virion-bound proteins were analysed as before (Fig. 36C,
lower panel). In line with previous results, the GP1 subunit was observed in all fractions as a
unique protein that was resistant to Endo H treatments but was PNG F sensitive (GP1 form
after PNG F treatment is noted **’, Fig. 37C, upper panel, Lanes 1 to 9). Despite bearing the
L635V mutant, GP4 was still detected in lower quantity in the soluble fraction (Fig. 37C, ‘UC’,
Lanes 4 to 6).

Interestingly, with the LS mutant two forms of the GP, protein were now detectable in the
clarified supernatant and could correspond to GP, and GP2.res (Fig. 37C, lower panel, ‘SPNT’,
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Lanes 1 to 3 and see Fig. 33B for GP> and GP2. analysis). Following Endo H and PNG F
treatments (‘SPNT’, Lanes 2 and 3), a single band of high intensity could be detected (The
deglycosylated proteins by Endo H or PNG F are noted *’ and **’, respectively). This means
that the GP. band underwent a mobility shift while the protein of lower molecular weight
migrated similarly to how it was already migrating in the mock condition. Furthermore, no GP2,
or GP2.res proteins could be observed in the soluble fraction, suggesting that neither GP4> nor
GP12res are shed during rVSV-GP-LS infection as expected (‘UC’, Lanes 4 to 6), or are
present in a very limited quantity, which cannot be detected with this assay. Notably, in virions,
the two GP. proteins were observed and were co-migrating following Endo H and PNG F
treatment (‘Virion’, Lanes 6 to 9, compared to ‘SPNT’, Lanes 1 to 3).

Based on those results, it is possible to conclude that (i) during rVSV-GP-LS infection,
viral glycoprotein shedding is significantly reduced, similarly to what was observed
with rEBOV-LS [285], and (ii) in a striking difference to rVSV-GP and rVSV-GP-HS
viruses, where the 21 kDa GP2..res protein was sequestered in infected cells, during
rVSV-GP-LS infection, GP12.res is incorporated into the viral particles and released in a
virion-bound form into the supernatant of infected cells.
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FIGURE 37. GLYCOPROTEIN GLYCOSYLATION PATTERNS ANALYSIS FROM RVSV-GP-LS INFECTED
CELLS.

Schematic representation of the GP2 sequence showing the position of the Low Shedding (LS) mutation (4, in red).
After rescue and amplification on VeroE6 cells, the virus was sequenced to confirm the presence of the L635V
substitution (B). Cells and supernatants (C) from rVSV-GP-LS were obtained and treated by Endo H and PNG F and the
samples were analysed as previously. As before, after deglycosylation with Endo H and PNG F, the position of Pre-GPkr,
GP1and GP:are indicated by a (#), (*) and after PNG F by a (**), respectively. ($) shows the position of partially digested
glycoproteins after PNG F treatments.
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RELEASE OF sGP OR ssGP-LIKE PRODUCT DURING rVSV-GP INFECTION

During EBOV infection, it was shown that an EBOV virus with an altered editing site that should
encode solely for the full-length glycoprotein product (8A genotype, see Fig. 13) was still able
to produce sGP through mRNA editing or early termination [58]. Therefore, it was of interest
to study if during rVSV-GP infection, the VSV polymerase was able to edit GP mRNA and
therefore if similarly, the soluble proteins sGP and ssGP could be synthesised from the vector
(Fig. 38 and see Fig. 13, for detailed explanations on sGP and ssGP synthesis).

Similarly to before, VeroE6 were infected with rSV-GP and the cells and supernatant were
harvested and the soluble proteins were separated from the membrane-bound proteins by
ultracentrifugation. Cells, clarified and ultracentrifuged supernatants (‘Cells’, ‘SPNT and ‘UC’
respectively), and the pelleted virions (‘Virions’) were then analysed for the presence of sGP
or ssGP by western-blotting using a GP;-specific monoclonal antibody in reducing (‘+f3-
Mercaptoethanol) and non-reducing conditions (‘-B-Mercaptoethanol’). In denaturing
conditions, after a short exposure, only a single GP1 protein that migrated around 130 kDa and
that was present in all analysed fractions was detected (Fig. 38A, upper left panel). An
increased exposure revealed an additional GP-specific protein of around 50 kDa (marked by
a™’; Fig. 38A, lower left panel). This protein of lower molecular weight appeared to be excluded
from the virions but was present in cells and in the clarified and ultracentrifuged supernatant
and could therefore represent the soluble viral proteins sGP / ssGP. In non-denaturing
condition (‘-B-Mercaptoethanol’; Fig. 38A, right panel), both GP precursors and mature proteins
should be observed. In cells and as was shown by Volchkov V et al. (1998), Pre-GPer was
detected in large quantities and was migrating faster than GP1. Expectedly, this form was
excluded from the clarified and ultracentrifuged supernatant as well as from viral particles (Fig.
37A, upper right panel). In addition, Pre-GP was also detected in small quantities and was also
only present in the cellular fraction (Fig. 38A, lower right panel). With the exception of the
soluble fraction (‘UC’), where the protein was barely detected, the full-length mature 130 kDa
GP12 protein that is incorporated into the virus, was present in all fractions and in large
quantities. Interestingly, a protein that migrated between GP1, and Pre-GPer (noted “*’) was
detected in a soluble form, as it was only seen in the clarified and ultracentrifuged
supernatants. Considering that it was not detected in cells nor in viral particles this protein
could therefore represent GP125 (Fig. 38A, lower right panel). Of special interest, a further
protein at about 100 kDa could be detected with long exposure (noted “*’ in Fig. 38A, lower
right panel). It was first detected in cells and in higher quantities in the clarified supernatant.
This protein was also present in the ultracentrifuged supernatant but was not incorporated into
virions. Consequently, based on its molecular weight and its apparent soluble form, this protein
is likely to represent dimers of either sGP or of ssGP.

To confirm the presence of sGP or ssGP during rVSV-GP infection, total RNA was collected
from infected cells and mMRNA were captured using polystyrene—latex particles that can bind
to the mRNA poly(A) tails. The transcriptional editing site was then analysed by cloning and
sequencing of GP-specific mRNA and the results are represented as sequencing
chromatograms (Fig. 38B, GP editing site is shown). In infected cells, the unedited 8A mRNA
(encoding for full-length GP12) represented 97% of the total sequenced mRNA. Edited mRNA
with the addition of one adenine (9A mRNA; encoding for ssGP) was observed in 1% of cases.
The last 2% of the GP-specific mMRNA sequenced were also edited, with the addition of up to
6 adenines but all MRNA were encoding for the full-length GP1 2.
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Consequently, it was possible to confirm that the VSV polymerase was able to edit the
EBOV GP gene during infection and that a dimeric protein that is migrating at the same
size as sGP and ssGP was observed in cells and the cell culture media. It would thus
appear that sGP/ssGP forms are indeed able to be produced from infected cells in the
context of rVSV-GP infection.
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FIGURE 38. EBOV SOLUBLE GLYCOPROTEINS RELEASED THROUGH GP EDITING DURING rVSV-GP
INFECTION

Cells were infected with rVSV-GP for twenty-four hours ata MOI of 0.1. Supernatant was collected and analysed as before
(A). In parallel, RNA extracted from infected cells and mRNA were isolated, and cloned by RT-PCR into a puc19 plasmid.
Single bacteria clones were sequenced using primers allowing sequencing of the editing site (B). Above the
chromatogram are represented the total number of adenines observed and the number of adenines that are added
compared to the 8A reference sequence.

ADAM17 ACTIVATION DURING rVSV-GP INFECTION

It has been previously demonstrated that during EBOV infection, ADAM17 was responsible for
EBOV GP1 2 ectodomain shedding [149]. However, the exact molecular mechanisms leading
to shedding of the viral glycoprotein are not yet understood. Using rVSV-GP as a surrogate
system, the different cellular pathways that could lead to ADAM17 activation and subsequently
GP1 2 cleavage were investigated.

Initially, the involvement of ADAM17 in EBOV GP1 2, release during rVSV-GP infection was
investigated using the metalloproteinase inhibitor marimastat. Briefly, VeroE6 cells were
infected with either rVSV-GP or rVSV-GP-HS viruses for one hour, or the inoculum was
removed and replaced by fresh media supplemented with FBS and the indicated
concentrations of marimastat. As a negative control, an equal amount of DMSO to the lowest
dilution of marimastat was used. Thirty-six hours post infection, cells and supernatants were
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collected and analysed by western blotting as before. Additionally, samples were treated with
Endo H to confirm the presence of GPares or GP2a (Fig. 39, upper panel) and the different
amounts of GP2, were quantified using ImageJ (Fig. 39, lower panel).

As expected, in cells infected with either rVSV-GP or rVSV-GP-HS, the GP1 subunit was
present as a unique band (Fig. 39, upper panel, Lanes 1, 3 and 5). After treatment with Endo
H, the Endo H-sensitive Pre-GPer protein (noted ‘#’) underwent a mobility shift, while Pre-
GP/GP+1 were not affected by the deglycosylase (Fig. 39, upper panel, Lanes 2, 4 and 6). In
addition, the amount of Pre-GPer and Pre-GP/GP; was similar for all marimastat
concentrations, showing that GP+ synthesis was not affected by the presence of the drug. In
the clarified supernatant, the GP4 subunit was released as a fully Endo H resistant form (Lanes
7 to 12). The presence of the metalloproteinase inhibitor did not seem to impact GP1 levels
(Lanes 7 compared to the lanes 9 and 11). For the different GP2 subunits, it was possible to
observe again two forms in cells. Endo H treatments confirmed that the GP- protein of lower
molecular weight in cells was GP2.res (Lanes 2, 4 and 6). Importantly, blockage of ADAM17
activity with different concentrations of marimastat resulted in an accumulation of GP2 in
infected cells for both viruses, as seen by an increase in GP» protein levels compared to the
mock condition (Lanes 3 and 5 compared to Lane 1). This suggests that ADAM17 inhibition
reduced the viral glycoprotein shedding leading to its accumulation. In agreement with our
previous observations (Fig. 30B), cells infected with rVSV-GP or rVSV-GP-HS that were
treated with DMSO released about 30% and 60% of GP2. respectively, into the culture
supernatants (Fig. 38A, Lanes 7 and 8; GP2, is indicated by a ‘+’ after Endo H treatment and
see Fig. 39B for densitometry quantification). Accordingly to what was observed in cells,
treatment with marimastat lead to an important reduction in GP1, shedding. Indeed, GP2, was
no longer detected when cells were treated with 20mM or 200mM of marimastat (Fig. 39A,
Lanes 11 and 12; Fig. 39B, 99% reduction in GP2, protein levels). In cells infected with rVSV-
GP-HS, a similar effect was observed for the highest concentration used, however cells treated
with 20mM of Marimastat were still able to shed around 35% of GPa2a.

Therefore, these results show that during rVSV-GP infection, ADAM17 is also involved
in GP42 shedding.
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FIGURE 39. ROLE OF ADAM17 IN GP1,2a RELEASE

VeroE6 cells were infected with rVSV-GP and rVSV-GP-HS at a MOI of 3. After one hour of infection, the inoculum was
removed and the cells were cultivated in DMEM 3%FBS, in presence or in absence of marimasat. When cells were
mock-treated, the same volume of DMSO was added to have the same amount of DMSO used than when cells were
treated with the higher concentration of marimasat. For analysis, cells and supernatants were collected thirty-six
hours post infection and were either mock treated or treated with Endo H and analysed by western-blotting. The
positions of pre-GPer, GP2 and GP2a after Endo H treatment are indicated again by (#), (*) and (+) respectively.

To understand how ADAM17 is activated during the infection, the upregulation of several
cellular pathways that were identified as key regulators for ADAM17 transport to the plasma
membrane and its subsequent activation were studied. In this respect, we decided to
investigate ERK1/2 and p38 activation. Indeed, ADAM17-ERK-dependant phosphorylation
was shown to participate in its addressing to the plasma membrane and its phosphorylation by
p38 prevents its dimerisation and interaction with its plasma membrane-associated inhibitor
TIMP3 and therefore is necessary for its activation (See Fig. 19) [153,295] .

In this respect, cells were serum starved for six hours and then infected with VSV and rVSV-
GP at a MOI of 5. Cells were then lysed and collected at the indicated time points and the
phosphorylation of ERK1/2 and p38 were analysed by western blotting as markers of activation
of their respective pathways (Fig. 40A). Following infection with either VSV or rVSV-GP, a
rapid phosphorylation of ERK1/2 that peaked after 15 minutes of stimulation was observed.
ERK1/2 phosphorylation returned back to its basal level after 60 minutes of infection in the
case of VSV and after 120 minutes for rVSV-GP. While the phosphorylation profile of p38 for
rVSV-GP stimulated cells was similar to ERK1/2, with a rapid induction followed by a
continuous dephosphorylation of the protein, differences are observed for cells stimulated with
VSV. Indeed, as for rVSV-GP, p38 is rapidly phosphorylated upon infection, however, no
significant decrease in phosphorylation level could be observed in VSV infected cells within
the time-course of the experiment.

ADAM17 requires interaction with phosphatidylserines to cleave its targets. This allows the
ADAM17 catalytic domain to be brought closer to the membrane and to cleave its target
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membrane proximal domains. In addition, it was shown that EBOV leads to
phosphatidylserines externalisation in a GP+2-dependant manner. As such, the importance of
phosphatidylserine exposure for GPi> shedding was investigated using different
concentrations of O-phospho-L-serine (OPS). OPS are molecules that resemble the
phosphatidylserine head group and that was demonstrated to interfere with ADAM17 activity
by competing with exposed cellular phosphatidylserines [103,155,225]. In this respect, cells
were first infected and incubated with different amounts of OPS and GP12. release was
investigated by western blotting as before (Fig. 40B).

The GP; subunit was present in a single protein in both cells and in clarified supernatants
(‘SPNT’). No distinguishable effects were observed on GP4 production or release when cells
were treated with different amount of OPS. Analysis of the GP» subunit showed the presence
of two GP: proteins. In cells, the GP2 subunit of lower molecular weight corresponds to GP»-
res Whereas in the supernatant it corresponds to GP2.. In the mock condition, and in
accordance to what was observed in Figs. 29, 30 and 39, about 30% of the viral glycoproteins
were released in the clarified supernatant as a truncated form (Fig. 39B, upper panel, Lane 6,
‘SPNT’ and see densitometry quantification, Fig. 40B, lower panel). Unexpectedly, cells treated
with 12 mM and 6 mM of OPS were releasing twice more GP2x compared to the mock
condition. This increased shedding was associated with a subsequent decrease in GP; levels
in cells (Lanes 2, 3 and 7 and 8). No effect on shedding was observed following treatment with
3 mM and 1.5 mM of OPS (Lanes 9 and 10, compared to Lane 6). In addition, OPS did not
seem to affect GP2res production as no difference could be observed between the mock
condition and treated cells.

As a result, in this set of experiments, it was possible to observe a rapid upregulation
of the ERK1/2 and p38 pathways following VSV and rVSV-GP infection. Furthermore,
contrary to what was previously published, the addition of soluble phosphatidylserine-
like molecules increased GP1; shedding in our hands.
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FIGURE 40. ERK1/2 AND P38 UPREGULATION DURING VSV AND rVSV-GP INFECTION AND ROLE OF
PHOSPHATIDYLSERINE EXPOSURE IN SHEDDING CONTROL

VeroE6 were serum starved in DMEM 0%FBS for six hours. Cells were then infected in DMEM 0%FBS at a MOI of 5 with
VSV and rVSV-GP. At the indicated time points, the supernatants were removed and the cells were lysed and scrapped in a
ice-cold lysis buffer containing protease and phosphatase inhibitor cocktails. Cells were analysed by western-blotting and
the proteins were revealed using antibodies directed against actin, ERK-1/2, p38 and their respective phosphorylated
forms (A). For the analysis of the role of phosphatidylserine in ADAM17 activation, cells were infected with rVSV-GP at a
MOI of 3 for one hour and the inoculum was replaced with DMEM 3%FBS. Six hours later, the media was removed and cells
were incubated with fresh DMEM 3%FBS that was supplemented with decreasing amount of OPS (see below the
densitometry quantification for OPS amount). Thirty-six hours post infection, cells and supernatants were harvested and
analysed by western-blot. Protein levels were quantified using the Image] software (B).

CHARACTERISATION OF RVSV-GP-LS AND -HS MUTANTS

Recombinant EBOV (rEBOV) bearing either the LS or the HS mutations clearly affected GP+,
shedding as well as rEBOV viral growth and infectivity [239]. The effects of these phenotypes
on rVSV-GP infectivity were studied to understand if similarly, differences could be observed
during rVSV-GP-LS and -HS infection. Additionally, the molecular characterisation of these
viruses could provide information on whether they can be used as BSL-2 model systems to
study the role of shed GP in EBOV pathogenesis

In these experiments, VeroE6 cells were infected at a MOI of 0.01 and the supernatants of
rVSV-GP (WT), -LS and -HS infected cells were collected at different time points and titrated
by TCID50 (Fig. 41A). Distinctly to a rEBOV-GP-HS mutant that grew slower than its WT and
LS counterparts, in the case of rVSV viruses, the wild-type grew faster than the other two
viruses. This observation was confirmed by plaque assays that demonstrated that rVSV-GP-
LS and -HS viruses were forming plaques that were statistically significant smaller than those
seen with rVSV-GP. No differences could be observed between plaques formed by the rVSV-
GP-LS and -HS viruses (Fig. 41B). To confirm whether GP1, shedding activity, and by
extension, the amount of GP12 incorporated into viral particles could affect viral growth and
infectivity, viruses were spun down by ultracentrifugation, resuspended and titrated. Different
amounts of infectious units were then analysed by western blot and the ratio of TCID50/VSV-
M was plotted as a measure of viral infectivity. Expectedly, compared to the wild type virus,
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the high shed phenotype significantly reduced the amount of GP 2 incorporated into the viral
particles whereas the low shed phenotype increased it (Fig. 41C, see GP levels). Surprisingly,
it appeared that only rVSV-GP-LS showed reduced infectivity compared to the other two
viruses, indicating that the reduction in rVSV-GP-HS titer cannot be linked to a loss in
infectivity.

Contrary to what was shown for EBOV, increasing or decreasing GP shedding ability
negatively affected rVSV-GP viral growth. Only the low-shedding phenotype was
associated with a decrease in rVSV infectivity compared to the other recombinant
viruses tested.
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FIGURE 41. COMPARAISON OF RVSV-GP, -LS AND -HS VIRUSES INFECTIVITY

Cells were infected at a MOI of 0.01 and the virus growth kinetics of rVSV-GP, rVSV-GP-HS and rVSV-
GP-LS viruses titrated by TCID50 are shown (A). Plaque assay performed on VeroE6 cells infected with
the different rVSV-GP viruses and incubated in presence of Avicel© (B). Plaques were revealed by
indirect immunofluorescence using monoclonal antibodies against EBOV GP1 and VSV M and the size
of 50 plaques per viruses are shown as a combined barplot and violin plot. Statistical analysis was
performed using the Wilcoxon signed rank test. Pelleted viruses were titrated and similar amounts
were loaded per well and analysed by western-blotting (C). The GP; and VSV-M proteins were detected
using specific antibodies. The infectivity of each virus was calculated as indicated.

* The first timepoint did not fulfil the criteria to calculate the titer by TCID50 and were thus adjusted
to the limit of detection of the assay which is of 2.34 TCID50/mL.
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DISCUSSION

Recombinant VSV expressing EBOV GP12 (r'VSV-GP) has been widely used to investigate
specific steps of the EBOV life cycle, and is now used as a prototype vaccine, however, so far
and as detailed above, the potential release of soluble glycoproteins during rVSV-GP and their
characterisation has never been studied even though these soluble forms have clearly been
implicated in multiple steps of virus development and pathogenicity mechanisms and may also
be crucial in influencing the potential success of a vaccine candidate.

As a first objective, we sought to investigate the potential release of GP1 24 into the cell culture
supernatant following inoculation with the rVSV-GP vector (Fig. 29). As the VSV M protein has
been shown to stop cellular transcription and translation [306,307], it was uncertain if during
rVSV infection, ADAM17 would be activated and allows shedding of the viral glycoprotein in
this context. Our results show that in both VeroE6 and 293T cell lines, GP1 is indeed shed
from infected cells and that the truncated soluble GPi24 form is readily detectable in
ultracentrifuged supernatants (Fig. 29A and B). Densitometry quantification showed that
between, 10% to 25% of the total viral glycoproteins are released as a shed form and that this
phenomenon appears to be cell-type dependant. These numbers are in line with what was
previously observed during EBOV infection [285]. However, it should be noted that a higher
MOI was used to infect 293T cells compared to VeroE®6 in our set-up, as this cell line is known
to be less infectable compared to VeroE6 [135], which could in part explain the differences in
release of Shed GP between the different cell lines. In reducing conditions, we were able to
detect the GP¢ subunit in both a soluble and membrane-bound form (Fig. 29A and B).
Interestingly, in non-reducing conditions, it was possible to detect a soluble protein of a lower
molecular weight than the membrane-bound GP1 » that could correspond to a GP1 25 form (Fig.
38). These results indicate that the viral glycoproteins, whether they are released as a soluble
or membrane-bound form, are all associated with the GP+ subunit. This observation is, once
again, consistent with previous data obtained with WT or rEBOV infection in cellulo [120,150].
The existence of GP4 > shedding was further confirmed through the generation of a rVSV-GP
virus with a high shedding phenotype (rVSV-GP D637A-Q638V, rVSV-GP-HS’, Fig. 30A and
B). Infection with this mutated GP virus led to an increase of GP12 shedding of at least three-
fold (Fig. 30C). In addition, we were able to rescue a rVSV-GP bearing the mutation L636V,
that was previously shown to block GP shedding in both an rEBOV infection and a GP
transfection context (rVSV-GP L636V, ‘rVSV-GP-LS’, Fig. 37) [150,285]. Similarly, with the
rVSV-GP-LS virus, no GP12x could be observed in cell culture supernatants. Whilst we could
observe the GP+ subunit in the soluble ultracentrifuged fraction from cell culture supernatants,
it is most likely to represent the GP1 subunit of residual viruses that were not spun down in
those conditions (Fig. 37C). In addition, we were interested to compare the kinetics of GP1 24
release from rVSV-GP-infected cells to what has been observed in EBOV infected cells. As
expected, we observed that viral particles were released exponentially following a latency
phase of about 12 hours (Figs. 31 and 41). This latency phase corresponds to the time required
for viral RNA synthesis, replication and protein translation, which limit the initial release of virus.
On the other hand, GP12 shedding appeared to be linear, suggesting that the only parameter
regulating its release is its recognition at the plasma membrane by the sheddase ADAM17 and
subsequent cleavage [308-311]. Furthermore, the unceasing cleavage and release of GP1
as a truncated form suggests that the cellular enzyme is rapidly and continuously activated
during infection (Fig. 31).

98



Itis known that the release of sGP into the extracellular environment from EBOV-infected cells
participates in the extreme pathogenicity associated with this virus by preventing antibodies
from neutralizing the surface glycoprotein and by limiting GP cytotoxicity during viral replication
[68,121,123,126,134,290]. In addition, it was shown that during the infection with a rEBOV with
an “8A” genotype, which should encode only for the full-length glycoprotein GP1 (see Fig. 13.
for GP editing), the soluble protein sGP was still detected in significant quantities in the cell
culture media [58]. Therefore, it was of interest to investigate if during infection with the rvVSV-
GP vector, which also has an 8A genotype, we could detect the release of sGP or ssGP from
infected cells that could hamper a proper antibody-mediated immune response in a vaccination
context. Our results demonstrate that we were able to detect a ~100kDa dimeric protein that
could correspond to sGP or ssGP proteins in rVSV-GP infected cells and in their supernatants
(Fig. 38A). To confirm our results, we cloned and sequenced GP-specific mMRNA from rVSV-
GP infected cells to investigate the presence of edited GP-mRNA (Fig. 38B). Indeed, with an
8A genotype virus, the only possibilities to have sGP or ssGP produced are through
transcriptional editing (sGP: +2A mRNA; ssGP:+1 mRNA) or through residue skipping (sGP: -
1A mMRNA,; ssGP: -2A mRNA). Our results showed that 97% of the GP-mRNA were non-edited
and had the expected 8 adenines at the GP editing site. Of interest, in the remaining 3% of
GP-mRNA, editing events were observed and between 1 to 6 additional adenines inserted at
the editing site were detected. However, we were not able to observe any “7A” mRNA,
suggesting that the polymerase is not able to skip a residue during transcription. These results
demonstrate that, similarly to other viruses, the VSV polymerase can edit GP mRNA and this
would lead to the production and release of ssGP and/or sGP during the course of the infection
[117]. However, VSV’s capacity for editing in this context appears reduced compared to the
EBOV polymerase, where up to 20% of edited GP mRNA is commonly detected depending on
the cell-type, suggesting differences in polymerase fidelity and the importance of this function
for EBOV infection, as already suggested [58,70,125].

In previous studies in our laboratory, during EBOV infection, the LS mutant showed no
difference in growth kinetics and infectivity compared to the wild-type virus. On the other hand,
the HS mutant was clearly affected by the drastic increase in GP12 ectodomain cleavage,
leading to a lower incorporation of the glycoprotein into viral particles and resulting in slower
growth kinetics and infectivity [285]. Considering the differences in growth kinetics that exist
between rVSV and EBOV (a complete VSV replication cycle is in the order of 8-10h), we
wondered if rVSV-GP viruses with modified shedding sites would also show differences in
growth kinetics and viral titers when compared to the wild-type-GP rVSV virus (Fig. 41). As
expected, compared to the wild-type GP virus, the high shed phenotype reduced the amount
of GP12 incorporated into the viral particles whereas the low shed phenotype increased it (Fig.
41C). However, in a striking difference to what was observed with rEBOV, both the rVSV-GP-
LS and -HS mutants grew to lower titers than the wild-type GP virus (Fig. 41A). Comparable
results were obtained with a plaque assay that demonstrated that the mutant viruses were
forming statistically significant smaller plaques (Fig. 41B). In addition, a reduction in infectivity
was only found for the rVSV-GP-LS virus, as evidenced by the fact that more viral particles
were needed to obtain a similar titer to that obtained with rVSV-GP and -HS viruses (Fig. 41C).
Of importance, in a previous study Dolnik O et al. (2015) measured rEBOV viral infectivity by
comparing the amount of VP24 proteins present in the clarified culture supernatant, whilst,
here, viral particles were first spun down by ultracentrifugation before being titrated and
analysed by western-blotting. The rEBOV-LS phenotype increases GP cytotoxicity due to a
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lack of shedding and a subsequent accumulation of the full-length viral glycoprotein at the
plasma membrane [134,285,290]. It is therefore possible that, in the context of rEBOV-LS
infection, viral proteins are further released in the cell culture media in unpelleted soluble forms,
which could have also mask any potential loss of infectivity, as it has been shown for HIV [312].
Nevertheless, in this work, rVSV-GP-HS was also growing to lower titers, whilst being
seemingly less cytotoxic and as infectious as rVSV-GP. Interestingly, another study similar
results with HIV vectors that were pseudotyped with different amounts of EBOV GP4, [313]. In
this study, the authors showed that pseudotyped viruses lost infectivity when the virions were
incorporating more GP12. Their results alongside ours, suggest that a necessary, fine-tuned
balance exists between the amount of GP1, present in the viral particle and viral infectivity.
While rVSV and HIV virions have similar sizes, EBOV is at least 5 times bigger, leading to
differences in GP density at the surface of the different viruses. Indeed, when incorporating
less GP1 2, the density of the glycoproteins presents at the surface of a virus smaller than EBOV
would still be more important and appears to be enough to maintain infectivity (Fig. 41C, rVSV-
GP and -HS M proteins levels compared to rVSV-GP-LS). However, when more GP;, are
incorporated into a smaller virus, steric hindrance could occur and could prevent the ability of
the glycoproteins to interact with cellular receptors reducing its infectivity. As it was observed
with a rEBOV system, a high shedding phenotype also appears to reduce growth efficiency in
a rVSV context. However, differently to EBOV, no difference in terms of infectivity was
observable between rVSV-GP and rVSV-GP-HS viruses. It is not yet known if uptake of GP1 24
in cells occurs and if this process might allow it to interact with intracellular partners of EBOV
GP12 such as Cathepsins or NPC-1. However, as it is known that soluble GP+ 24 binding can
activate immune cells in a TLR-4 dependant-manner [131], it is likely that this glycoprotein can
also compete with the membrane-bound GP1 > for cellular attachment receptors, which could
also help to explain why the high shed variant is growing more slowly and is forming smaller
plagues than the rVSV-GP virus, while maintaining its infectivity [131].

EBOV GPi» glycosylations are known to be key elements for correct protein folding and
trafficking and are also known to play an important role in EBOV GP1» functions, especially for
its immunogenicity [136,267—269]. Synthesis of the glycoprotein starts in the endoplasmic
reticulum as a Pre-GPer precursor where it will first acquire immature N-glycans (High
mannose N-glycosylations), and then be further processed in the Golgi apparatus into Pre-GP
where it will be cleaved into the subunits GP4 and GP; by the cellular proprotease Furin. Before
cleavage by Furin and before being transported to the plasma membrane as a mature trimeric
protein GP12 that will be inserted into the host-derived viral membrane, pre-GP will acquire
mature N-glycans (Complex type N-glycosylations) as well as multiple O-glycans, which are
mostly attached to the mucin-like domain. In EBOV infected cells, it was shown that it is
possible to discriminate between the Pre-GPegr and the Pre-GP/GP+ forms based on their
resistance to Endoglycosidase H (Endo H) treatment, as detailed above. In this respect, Pre-
GP«er is Endo H sensitive, while Pre-GP and the mature GP subunit are all Endo H resistant.
In addition, of the two N-glycosylation sites present in GP», only one has complex N-glycans
rendering GP, subunits partially resistant to Endo H treatments. Conversely, GP4.
glycosylations are all removed by treatments with the amidase Peptide N-glycosidase F (PNG
F) (Fig. 32) [115,143]. Of important note, it was demonstrated for some vaccine candidates
against EBOV, that mutations in the viral glycoprotein could strongly modify the protective
nature of the vaccine [248,257]. For instance, and as stated in the introduction (Paragraph
‘Therapeutic approaches against Ebola virus’), animals that were challenged with a Kunjin
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virus replicon-based vaccine that expressed a GP-anchorless form, died from subsequent
EBOV infection despite developing antibodies against GP+, following vaccination. On the
contrary, animals challenged with a Kunjin-virus that expressed GP with or without this deletion
survived. Comparable results were obtained in a recombinant Adenovirus vaccine system
[257]. Interestingly, it was shown that the anchorless GP was released as a monomeric form
and not as a “natural” trimeric form as is seen with the membrane-bound or soluble shed GP
forms [131,150]. These results emphasise the importance to have vaccines that express a GP
that highly resembles the ones expressed during EBOV infection for protection. It was therefore
of interest to study if the glycoproteins produced during rVSV-GP infection were similar to those
evidenced during EBOV infection, which could help to provide further information on the
potential ability of the vaccine to provoke efficient neutralizing antibodies against EBOV and to
better understand the process by why animals are equipped to survive infection after rVSV-
GP vaccination. Furthermore, a better understanding of the nature of the viral glycoproteins
that are able to elicit an efficient and protective response can help us to develop better vaccine
candidates in the future. The results presented here allow us to confirm that the viral
glycoproteins that are either incorporated into the viral particles or shed from cells infected with
the rVSV-GP vector indeed have similar glycosylations to the ones produced and released
during EBOV infection (Fig. 33). Indeed, for both the virion-bound GP1 > and the Shed GP form,
the GP+ subunit is Endo H-resistant and the GP; subunit is partially Endo H-resistant, as
expected. While, the proper glycosylation of the two different forms of the full-length
glycoprotein is likely to allow the mounting of a proper humoral response against EBOV, it can
also potentially have deleterious effects for a vaccine. Indeed, it has been reported numerous
times that EBOV GP1. glycosylations and especially those of its mucin-like domain are
essential for the high cytotoxicity of the glycoprotein [131,134,136,141,144,280,281,291].
During vaccination, the release of shed GP, as well as the proper processing of GP1 2, could
therefore participate as much in the vaccine efficiency as towards its side effects
[251,252,314].

Our results demonstrating the presence of a GP, product that was accumulating in cells and
migrating at the same size as GP2, in the cell culture supernatant were unexpected (Fig. 31).
It is known that several metalloproteinases are able to cleave their substrates intracellularly
and an early study had even suggested that TNF-a might be cleaved in the Golgi apparatus
by ADAM17 [287,288,315]. However, it is now clear that ADAM17 cleaves its substrates only
when they are sequestered in lipid rafts and at the plasma membrane [151,154,155].
Therefore, to understand the nature of this unusual protein we decided to compare the
electrophoretic mobility of this cellular-associated form to the GP2a present in the cell culture
media following different deglycosylation treatments. To our surprise we observed that
following Endo H treatment, this GP2x-like protein was not undergoing any electrophoretic shift
(contrary to what was observed with the partially Endo H-resistant virion-bound GP2 and GP2,),
indicating that this GP» form is entirely Endo H resistant and that the difference in migration
pattern between this form and GP- is not due to a difference in amino acid sequence (as is the
case with GP2,) but to differences in glycosylations (Fig. 33A). In respect to its ability to resist
Endo H cleavage, we decided to name this protein GP2resistant (GP2-res). The high-mannose
type oligosaccharide, which is Endo H-sensitive in GP> and GP2, has been shown to be
attached at position 563 of the protein and the complex type oligosaccharide, Endo H-resistant,
is bound at position 618 [150]. Consequently, it is possible to conclude that during rvVSV-GP
infection, the high mannose glycosylation present at position 563 is able to be further
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maturated into complex type oligosaccharides. This abnormally glycosylated GP12.res has
never been observed during EBOV infection or with plasmid transfection, suggesting that it is
a form specific to rVSV infection. This highlights that, even for possessing of the same gene,
differences can exist between the glycoproteins produced during EBOV infection and the ones
produced during rVSV-GP infection, arguing in favour of precisely and systematically
characterising the different proteins of interest synthesised by different vaccine platforms in
order to fully assess the nature of the proteins that could be produced during vaccination.

Surprisingly, however, in the supernatant of infected cells, we failed to detect the presence of
the GP2res protein either in a virion-associated or soluble form. To explain such an absence,
three possibilities exist: (i) GP1 2-res is not transported to the plasma membrane and is retained
in the Golgi, (ii) it is present at the plasma membrane but is excluded from the lipid rafts that
should contain the normal GP+ > and is not cleaved by ADAM17, or (iii) it is transported to the
lipid rafts but the change in glycosylation at position 563 modifies its structure and/or the
stability of GP12 and/or the ability of ADAM17 to properly recognise the viral glycoprotein and
to therefore be able to release it as a soluble protein.

To address these points, we first performed organelle fractionation in an iodixanol gradient,
that, combined with Endo H treatments, provides insights into GP+ > processing and GP12res
transport (Fig. 35). As expected, we detected Pre-GPer in the ER and Golgi-associated
fractions and the mature GP+ in the plasma membrane fraction, in keeping with previous
observations [120]. Our results demonstrate that the aberrant GP2res is first detectable in the
Golgi, from where it would be transported to the plasma membrane, as observed by its co-
migration with GP, following Endo H treatment, in corresponding fractions (Fig. 35).
Densitometry quantification showed that GP..res was accumulating at the plasma membrane,
reinforcing the idea that GP12.res is neither shed nor incorporated into the viral particles. In
addition, it was shown for VSV G, that glycosylations are important for its adressage to the
plasma membrane [315]. For EBOV glycoprotein, infectious viruses deleted of most of their
GP glycosylations, following removal of their mucin-like domain or modified to be resistant to
Furin cleavage, can be produced, suggesting that GP transport is glycosylation-independant
[134,316]. However, our results would reason that a mechanism does exist to limit improperly
glycosylated GP transport to the plasma membrane. Indeed, while Pre-GPer was detected in
large quantity in the Golgi-associated fraction, very little Pre-GPer was found in the plasma
membrane-associated fraction, suggesting that the different GP precursors are retained in the
Golgi apparatus, feasibly to ensure that the viral glycoproteins that are addressed to the
plasma membrane are properly glycosylated (Fig. 35). Considering the rapidity of the infection
and the massive production of viral proteins, as well as the possible effect of VSV M on protein
translation in the context of the rVSV vector [306,307], the transport of immaturely glycosylated
proteins to the plasma membrane that we observed here, is likely the result of an exhaustion
of the protein synthesis and glycosylation systems. In addition, we were able to detect, in the
ER-associated fraction, a GP» product of higher molecular weight, which has never been
observed previously (Fig. 35, lodixanol fractions 5 and 9) [120]. To be able detect the subunit
GP,, Pre-GP needs to be cleaved by the cellular proprotease Furin which is only active in the
Golgi apparatus [317]. As this GP, form of higher molecular weight is completely sensitive to
Endo H, we concluded that this protein represents the GP. subunit cleaved by Furin that has
still its immature N-glycosylations and therefore decided to name it Pre-GP,. This suggests
that Furin cleavage occurs first and only after the GP, acquire complex glycans on this subunit.
The fact that this form was never observed before in previous studies (Volchkov V et al. 1998)
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could be due to the inability of the antibodies used to immunoprecipitate the viral proteins prior
to fluorography to capture this form [120].

EBOQV glycoprotein is believed to be enriched in lipid rafts, which are also its preferred budding
sites [105,318]. While it is not known whether rVSV-GP egress is also raft-dependant, we
wondered if this GP12.res form could be excluded from these membrane subdomains, which
could explain why we could not observe it in rVSV-GP and rVSV-GP-HS virions. Using a
floatation assay, we were able to prove that similarly to GP», GP2res was efficiently transported
to the lipid rafts (Fig. 36). Interestingly, in addition to confirming that GP..res was transported
to lipid rafts, we found that, compared to GP», the abnormally glycosylated glycoprotein was
enriched in those subdomains, providing further evidence that GP12res is not released in any
soluble or membrane-bound form.

The immaturely glycosylated aspartate at location 563 on the surface glycoprotein is localised
inside of the GP> NHR domain that is essential for trimerisation. It was also suggested that this
domain controls the production of filamentous-like structures during GP transfection and to
participate in EBOV budding [132,319,320]. Furthermore, glycosylation GP> mutants, were
shown to reduce GP Furin cleavage but also to impair KZ52 neutralizing antibody (a known
conformation-dependant antibody) binding to the viral glycoprotein [144,321]. Of interest,
Wang B et al (2017) suggested in their study that aspartate 563 was involved in GP12 trimer
stabilization and that is was also essential for GP4. incorporation into VLP and HIV
pseudotypes. In line with their results, the presence of GP12.res in lipid rafts but its absence in
pelleted rVSV-GP and -HS virions would suggest that this form is inadequate for viral budding
(Fig. 33B). However, when the plasma membrane is saturated with GP1 2, as it the case with
the rVSV-GP-LS mutant, GP12.res is incorporated alongside classical GP+2 (Fig. 37C).
Therefore, we postulate that during EBOV infection, GP» aspartate 563-associated high-
mannose type oligosaccharide is not processed into a complex type oligosaccharide to allow
proper glycoprotein trimerisation to ensure the production of infectious viral particles. However,
during rVSV-GP infection, GP1 2-res is someway produced and transported to lipid rafts, where
it accumulates due to its structure being less favourable for GP1 » trimerisation and thus release
in virions. Furthermore, we could not detect GP12.res as a shed form despite the fact ADAM17
was shown to be active in lipid rafts [155]. Given the size of the enzyme catalytic domain, it is
safe to assume that it is able to cover a large portion of the viral protein. Whilst the additional
complex glycan could hamper proper ADAM17 binding and/or cleavage of GP12res and
therefore block its shedding, it is also possible that ADAM17 is only able to cleave trimeric
GP1 2 proteins.

Importantly, our results provide real insight into the mechanism that might govern GP
incorporation into viral particles. It has been previously postulated that a segregation
mechanism controls viral glycoprotein incorporation [322]. In this respect, this study
demonstrated that cells co-expressing both HIV and EBOV glycoproteins do not produce
pseudotyped particles containing both viral glycoproteins. It was further shown that this is due
to the fact that some viruses bud from a single phosphatidylserine-enriched site that only
contains a single type of viral glycoprotein [322]. As such and given the absence of GP1 2-res
incorporation into viral particles in our hands, it is tempting to speculate that during rVSV-GP
infection, a similar mechanism controls GP+ > incorporation into viral particles, with GP+, and
GP12-res both being present at the same time at the plasma membrane but in distinct lipid raft
structures. To investigate the existence of an active or passive mechanism that might control

103



viral glycoprotein segregation, we tried to interfere with the integrity of this system by infecting
cells with rVSV-GP-LS. In the absence of sGP and of shedding, there is no way for the virus
to regulate the overaccumulation at the plasma membrane of the viral glycoprotein in this
context, which could increase the chance of incorporating GP12res into viral particles. Of
interest, while in virions, GP1 is still majoritarily present, following rVSV-GP-LS infection, it
was indeed possible to observe GP1 2.res in the pelleted virion (Fig. 37C).

In addition, when analysing the glycosylations profiles of the released glycoproteins, we
detected a protein in rVSV-GP-HS virions that behaved similarly to GP2, in response to Endo
H and PNG F treatments (Fig. 33B). To confirm this and to rule out any contaminations coming
from the ultracentrifuged supernatant, we purified pelleted rVSV-GP-HS virions on a double
60%-20% sucrose cushion (Fig. 33D). In this experimental setup, we were again able to detect
this protein following glycosidase treatment. How exactly ADAM17 cleaves trimeric substrates
such as TNF-a is currently unknown. It is admitted that the active form of ADAM17 is
monomeric but whether a single molecule of ADAM17 is sufficient to sequentially shed a
homotrimer such as TNF-a and GP1, or if three molecules of ADAM17 are required, is not
documented. During EBOV infection, it was shown that Shed GP was released as a trimeric
protein [130,148]. We then believe that the protein with the same electrophoretic mobility than
the GP2a present in the virion (Fig. 33D) is a partially cleaved GP1, which is the result of a
sequential cleavage of one of the monomers of the membrane-bound trimeric GP+ > by a single
ADAM17 monomer. This partially cleaved GP12 would then still be linked to the trimer but
would be detected as GP2, by western-blotting in denaturing conditions (Fig. 33D). Such
heterotrimeric forms would be expected to have a partial or complete loss of their ability to
perform membrane fusion [132]. The fact that we could observe this solely with the rVSV-GP-
HS virus, a virus that has been modified to have a shedding site that is extremely well
recognised by ADAM17, could mean that the natural shedding site sequence of EBOV is an
evolutionary adaptation by the virus to prevent its glycoprotein from being over targeted by
ADAM17 and to avoid the formation of fusion-deficient GP1», proteins. This limited
incorporation of viral glycoproteins also goes in the sense of a mechanism that segregates
GP12, with some portion fated for viral particle formation and the other for shedding (Fig 42).
In this regard, our results obtained here demonstrate that, at least in non-infected and infected
A549 cells, ADAM17 localisation is controlled at the plasma membrane resulting in clear spatial
segregation between areas which are enriched in ADAM17 proteins of areas depleted of
ADAM17 (Fig. 34). Such organisations could therefore lead to the protection of a pool of GP
protein that would be used for the production of normal viral particles that would never be in
danger of being cleaved by the cellular sheddase. It is therefore interesting to postulate that
GP is able to take advantage of ADAM17 clustering to ensure the production of highly
infectious particles during the infection.
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FIGURE 42. MODEL FOR GP SHEDDING CONTROL

In this model, following maturation in the Golgi apparatus, EBOV glycoprotein GP1,2 is either addressed to a plasma
membrane compartment, specialised in ectodomain shedding (which contains high concentration of ADAM17 proteins)
or to a compartment that controls viral egress that is almost completely depleted in ADAM17 proteins.

During this work, we also confirmed that shedding in rVSV-GP infected cells was ADAM17-
dependant, similarly to EBOV, as established by the loss of GP12. when cells were treated
with the inhibitor marimastat (Fig. 39) [306,323]. The fact that differences was observed in the
amount of shed GP released in response to marimastat treatment for rVSV-GP and GP-HS
viruses is likely linked to differences in affinity between ADAM17 and the wild-type EBOV
glycoprotein or its high shed variant. This further illustrates and reinforces the idea that was
previously postulated that the wild-type glycoprotein is relatively poorly recognised by the
cellular sheddase compared to other proteins shed by ADAM17 [134,285]. We also
demonstrated that rVSV infection leads to the activation of two cellular pathways that are
required for ADAM17 activity, the ERK1/2 and the p38 MAPK pathways, which were rapidly
induced following infection (Fig. 40A). The activation of ERK1/2 has been demonstrated to
regulate viral replication of several viruses, including HIV, Coxsackievirus B3, Influenza A but
also VSV which requires this pathway to enhance its replication [324-327]. It was therefore
not surprising to observe an upregulation of this pathway with VSV infection (Fig. 40A, left
panel). The fact that we observed a rapid activation that peaked after 15 minutes of stimulation
with both rVSV-GP and VSV viruses implies that the interaction of the viral glycoprotein with
one of its attachment receptors is responsible for this upregulation. In this respect, the VSV
glycoprotein G was shown to interact with cell surface heparan sulfates that can upon binding
upregulate the ERK1/2 pathway [328-330]. The activation of the ERK1/2 pathway during
EBOQV infection is not yet fully elucidated. It was shown that GP transfection decreased ERK1/2
phosphorylation and ERK2 enzymatic activity but the relevance of this in the context of the
viral infection is unknown. Our previous results suggested that in the first steps of EBOV
infection, this pathway would be upregulated in a GP1 2 -dependant manner [331,332]. It would
be however, necessary to confirm those data with infectious, replicating WT EBOV to see if
this pathway is not blocked by other viral proteins.

In addition to ERK1/2 activation, we were able to observe the upregulation of the p38 pathway.
Interestingly, differences could be observed between VSV and rVSV-GP (Fig. 40A). In VSV
infected cells, p38 phosphorylation did not return to its basal level during the time-course of
the experiment, whereas during rVSV-GP infection, p38 was dephosphorylated at the end of
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the experiment, suggesting differences in the upregulation mechanism. During EBOV infection,
it was demonstrated that p38 inhibition reduces EBOV replication by limiting human monocyte-
derived dendritic cells macropinocytosis activity and therefore EBOV uptake [333]. However,
the mechanisms leading to p38 activation during EBOV infection have thus far not been
elucidated. It was shown previously that in human dendritic cells, EBOV VLP produced through
transient expression of GP and VP40, upregulated the ERK1/2 pathway (in a GP-dependant
manner) but failed to produce a robust activation of the p38 MAPK pathway [334]. On the
contrary, our results add contrasting evidence that EBOV glycoprotein binding could help in
the initial steps of the infection by increasing its macropinocytosis and therefore its uptake
through a rapid induction of the p38 pathway. The discrepancies between the results of
Martinez M et al. (2007) and ours are likely due to differences in the amount of GP used for
stimulation and/or of the cell-type used. Indeed, the authors stimulated their dendritic cells
using 10pg/mL of VLP, which was calculated based on the total amount of proteins contained
in their VLP while in our study we infected starved VeroE®6 cells using a high MOI representing
the amount of infectious virus. Therefore, in our experimental setup, it is likely that the amount
of GP is more important and enough to activate p38 MAPK pathway, whereas, the amount of
GP present in the VLP produced in the 2007 study, which would majoritarily contain VP40
protein, were insufficient to do so. Additional studies using WT EBOV are then clearly
necessary to shed light on the role of p38 in EBOV pathogenesis and ADAM17 upregulation.
In addition, p38 has been intensively described for its role in the induction of immune genes
and notably, it was shown that TLR-4 engagement with LPS leads to p38 phosphorylation
[295,335,336]. Interestingly, during EBOV infection, VP24 is able to block p38 phosphorylation.
Considering our results and the fact that GP1» was also shown to interact with TLR-4, this
could mean that VP24 is linked to prevention or limiting of the early GP12-dependant activation
of this pathway during EBOV infection to avoid a rapid clearance of the virus
[131,190,208,337].

Furthermore, we postulated that exposure of phosphatidylserine during EBOV infection
participates in glycoprotein shedding by allowing a better contact between ADAM17 and the
GP12 membrane proximal domain [156,225,338,339]. We hypothesized that preventing
ADAM17 interaction with cellular phosphatidylserines would impair GP+2 shedding (Fig.40B).
Unexpectedly, our data are showing the opposite phenomenon. Indeed, cells treated with high
concentration of OPS (as free phosphatidylserines) show an augmentation of GP1 2, release
by about 50%. Additional experiments using cells that are expressing an ADAM17 tagged-
substrate could help us to clarify if this effect is specific of GP12, which would then suggest
differences in the mechanism in ADAM17 recognition between the viral glycoprotein and
cellular substrates [340].
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CONCLUSIONS AND PERSPECTIVES

The 2014-2016 EBOV outbreak helped to accelerate the development of therapeutic
approaches against this highly pathogenic virus. So far, the most promising approach is the
prototype vaccine rVSV-AG-EBOV-GP, also known as rVSV-ZEBOV, and referred to as rVSV-
GP throughout this work [251]. While the replicative competent vaccine has now advanced to
Phase Il human trials, the nature of the viral glycoproteins synthesised during rVSV-GP
infection have been so far poorly characterised [253]. This is of special importance as
protection during rVSV vaccination is dependent on the development of an appropriate
humoral response with neutralizing antibodies against the viral glycoprotein and the nature of
the glycoproteins which are synthesised during vaccination has been shown to be key in
offering protection in different animal models [206,248,257]. Moreover, during the different
vaccine trials, numerous and sometimes severe adverse effects were reported. Here, during
this PhD work, we investigated the synthesis and the processing of the full-length GP1 ., as
well as the release of soluble viral glycoproteins from rVSV-GP infected cells that could feasibly
either participate in the successful protection or impair the efficiency and safeness of the
vaccine and maybe even cause the adverse effects observed [251-253].

EBQV glycoprotein synthesis is a multi-step mechanism leading to the formation of a highly
glycosylated protein packaged at the surface of the virion, and which controls both its
cytotoxicity and its immunogenicity. In this work we demonstrated that the glycoprotein which
is produced by the rVSV-GP virus highly resembles the GP1 2 produced from EBOV infected
cells. Indeed, we showed that during rVSV-GP infection, we could detect the precursor Pre-
GPer that has immature glycosylations and that further acquires mature glycosylations
following its transport in the Golgi apparatus and its addressage to the plasma membrane.
Interestingly, we were also able to identify for the first time, a GP. subunit with no mature
glycosylation that we named Pre-GP, and that would correspond to the immediate product
following Pre-GPer transport to the Golgi and Furin cleavage. The fact that this Pre-GP;
contains no complex glycan tends to suggest that Furin cleavage precedes GP glycosylations
in the Golgi apparatus and offers new insights into the cellular processing and trafficking
mechanisms for this important viral protein. Importantly, we also showed that the glycoprotein
that is present in the rVSV-GP virion is similarly glycosylated to the one present in EBOV
particles. This highly favors the ability of the vaccine to be protective against EBOV infection
and that fact that development of GP4 >-specific antibodies following rVSV-GP vaccination is
linked to the correct synthesis of the viral glycoprotein from the replication-competent vaccine.
Furthermore, our results clearly prove that, similarly to EBOV, during infection, soluble viral
glycoprotein are released. Indeed, we were able to demonstrate that the viral glycoprotein was
readily released in a truncated soluble, shed form, known as GP1 2, and that his release was
dependent of ADAM17. Our results prove that this form is similarly glycosylated to the GP1 24
or ‘Shed GP’ produced in EBOV infection or with GP transfection. We also showed that several
ADAM17-activating pathways were upregulated during rVSV-GP infection but it would be
necessary to repeat similar experiments with EBOV virus to confirm that they are also activated
during EBQV infection and that they also control GP shedding. In addition, our data indicate
that ssGP is produced following transcriptional editing of the GP gene by the VSV polymerase
during rVSV-GP infection. Furthermore, while we did not detect sGP specific mRNA, the ability
of VSV L to edit and to insert more than a single adenine at the GP editing site, is evident. In
this respect, it is very likely that sGP mRNA is also produced even though we failed to detect
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it specifically. However, compared to what was previously observed during EBOV infection,
the proportion of edited mRNA is significantly lower and this implies that the release of sGP
and ssGP are limited during rVSV infection and is thus unlikely to impair rVSV-ZEBQOV vaccine
efficiency in this sense.

Of interest, proper processing of GP, its conserved glycosylations as well as its release as a
soluble form, that was previously implicated in EBOV pathogenesis, suggest that the
cytotoxicity of EBOV GP12 would to at least some extent be conserved in rVSV-GP infection
and that its production could potentially produce some deleterious vaccination-related effects,
at least in some individuals. In this respect, and of interest, for this study we successfully
generated rVSV viruses with different shedding activities that were attenuated compared to
the wild-type rVSV virus. In addition, the use of these mutant viruses as tools for a cost-efficient
production of GP124 to study its roles in EBOV pathogenesis in animal models, in vivo
experiments could also shed light on the ability of the rVSV viruses with different shedding
abilities to provide similar protection against EBOV while displaying less adverse effects. This
is of special importance as a significant part of the immunocompromised population currently
cannot be vaccinated with the current rVSV-based vaccine.

We were also able to identify an aberrant form of the GP; subunit in the context of rVSV-GP
infection that was never observed during EBOV infection or GP transfection and that
accumulated in infected cells. We demonstrated that this protein possesses complex, mature
glycans on the two GP2 N-glycosylations sites, rendering it resistant to deglycosylation
treatments by the Endo H enzyme, and we therefore decided to name it GParesistant (GP2-
res). Interestingly, the identification of this new GP, form helped us to gain a better
understanding of GP1 2 packaging into rVSV virions. Indeed, during our investigation, we were
able to demonstrate that this GP12.res is not inserted into the viral particles and we were also
able to observe a limited pool of partially cleaved GP1» that can be incorporated into the viral
particle. In addition, we showed that ADAM17 localisation appears to be clustered at the
plasma membrane. This spatial clustering could be a way for the virus to prevent and limit its
glycoprotein ectodomain release and/or partial digestion by the cellular sheddase. Those
elements lead us to postulate the existence of a system that allows the segregation of the viral
glycoproteins: During the infection, the normal GPi. is either addressed to lipid rafts
microdomains localised in area that are depleted in ADAM17 proteins, those microdomains
would therefore ‘specialised’ in viral particle formation and ensure that the viral glycoprotein is
protected from ADAM17 cleavage. In parallel, the viral glycoprotein is also addressed to
membrane domains that are enriched in ADAM17 where it will be massively released as a
shed form and help to limit its cytotoxicity in the infected cell. On the other hand, the abnormal
GP1,2-RES is also transported to lipid rafts that are distinct from GP1,2-containing lipid rafts,
but as its structure is not suitable for viral release, it is accumulating at the plasma membrane.

Finally, the identification of GP1 2res strongly argues for the importance to continue to properly
characterise virus-based vaccines, to assess any differences existing between the antigen that
is naturally synthesised by the virus during infection and the one produced by the surrogate
virus/vaccine-candidate. Indeed, our results unequivocally demonstrate that while they both
have the same GP gene, differences still exist during EBOV and rVSV infection.
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In conclusion, this work provides important molecular insights into the rVSV-
ZEBOV vaccine (Fig. 43). We give evidence that the viral GP12 produced by rVSV-
GP is similar to the one synthesised by EBOV. We believe that this resemblance
is key to allow the production of specific-GP1,2 antibodies that are able to offer
protection during EBOV infection. The identification of soluble form of GP1.
released during the infection and of the aberrant GP12.res in rVSV-GP infected
cells reinforces the importance of systematically studying the molecular basis
of replication-competent based vaccines to recognize factors that could impair
vaccine efficiency and safety.
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FIGURE 43. EBOV GP SYNTHESIS DURING rVSV-GP INFECTION

During rVSV-GP infection, following synthesis and processing in the Endoplasmic Reticulum (ER) and in the Golgi apparitus (Golgi), the viral glycoprotein
GP1.2 is cleaved into two subunits GP1 and GP2. The GP1 subunit possesses only complex N-glycans, whereas the GP2 subunit has a high-mannose N-
glycosylation and a complex type N-glycan which are attached in position 563 and 618, respectively (1). Next, the viral glycoprotein is adressed to the plasma
membrane, where it will either be incoroporated into the viral particles or it will be cleaved by the cellular sheddase ADAM17 and released in the infectious
supernatant as a truncated soluble glycoprotein GP1,2a (2). In addition, the incoporation of a sufficient amount of glycoproteins into the virions is ensured by
the existence of a spatial clustering of ADAM17, which is fully depleted in some areas of the plasma membrane (3). In parralel of GP1,2 synthesis, an aberrant
viral glycoprotein is produced in the Golgi. This protein named GP1,2-RES possesses a complex type N-glycan in posiiton 536 (4). GP1,2-RES is transported to
the plasma membrane and accumulates in lipid rafts and apepars to not be inserted into the viral host-derived membrane (5). Finally, cellular pathways which
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INVESTIGATION OF THE PRESENCE OF FILOVIRUSES IN GHANA,
WEST AFRICA

OBJECTIVES

Prior to 2014, all previous EBOV and MARV outbreaks were fairly limited in terms of the
number of human cases and transmission events and were restrained to Central and South
Africa [9]. As such, the extraordinary scale of the 2014-2016 EBOV outbreak, in regions that
were previously largely unaffected by this virus, highlighted the absolute necessity to obtain
better insights not only into the ecology but also into the geographical repartition of these highly
pathogenic viruses to try to prevent, or to be as best prepared as possible to deal with, any
spillover from their natural host and/or accidental hosts into the human population [7,296,297].

Since their discovery, the identification of the natural host for filoviruses has been challenging
and as yet has failed to yield many conclusive results [34]. The isolation of Marburg virus
(MARV) in 2009 in R. aegyptiacus bats, as well as the identification of Lloviu virus (LLOV) and
recently of Bombali virus (BOMBYV) in different bat species, incriminate bats as the natural
reservoir of these viruses and also suggests that they are not restricted to a single bat species
[3,39,298]. So far, 26 different bat species were identified as potential hosts for filoviruses in
multiple locations in Africa, Asia and Europe [3,5,6,34,54,297]. However, results are mostly
based on antibody detection and can be contradictory with molecular data obtained with
immortalized bat cell lines or during in vivo experiments using captive bats [34,41,44].The
absence of positive and negative controls for all of the different bat species tested, as well as
the different nature of the techniques or the source of antigens used to detect antibodies,
makes it difficult to differentiate between positive results and false positives, rendering it difficult
to obtain a clear idea of which bat species could actually transmit and participate in the spillover
of filoviruses in the human population.

In Ghana, West Africa, several bat species suspected of being filovirus hosts are present,
notably R. aegyptiacus (MARV and MARV-related viruses), E. franqueti and H. monstrosus
(EBOV). Despite the fact that antibodies have been detected against filoviruses in Ghanaian
bats and that this country is surrounded by several countries that have reported filovirus
outbreaks, Ghana has so far not been affected by any suspected outbreak of these viruses
[7,9,299,300]. To this end and to further investigate the suspected presence of filovirus species
not only in Ghana but also as a tool for future detection and surveillance of potential exposure
to these and related viruses, we generated recombinant antigens from known filoviruses that
resemble the glycoproteins expressed during filovirus infection and that decorate the surface
of theses viruses with the aim of developing a multiplex luminex assay to simultaneously detect
the presence of different filovirus glycoproteins in animal (bats and pigs) and human sera
[4,5,7,39,45,297,299,301]. In addition, we collected bat and pig organs in Ghana and
performed nested RT-PCR using pan-filovirus primers to detect the presence of any putative
known or unknown filoviruses.
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RESULTS

IDENTIFICATION OF ANTI-LLOV GP ANTIBODIES IN HUMANS AND ANIMAL SERA

Firstly, sera samples from Ghana, obtained from different bat species, domestic pigs and
humans notably from bat hunters and pig farmers, that declared no EVD-like disease, were
obtained in collaboration with Profs. Andrew Cunningham (Institute of Zoology, London) and
James Wood (Cambridge University) and analysed by immunofluorescence for the presence
of antibodies against different filovirus glycoproteins to confirm the initial results obtained using
a home-made luminex assay with recombinant EBOV and MARYV glycoprotein developed by
our partners (Fig. 44).

To this end, VeroEG6 cells were transfected with a plasmid encoding for EBOV GP that also
contained a GFP gene under control of an IRES (Internal Ribosome Entry Site). In such a
system, cells that are GFP positive should also express viral GP. Cells were then fixed by
acetone:methanol and incubated either with diluted sera or with a specific EBOV GP;4
monoclonal antibody (Fig. 44A). When using GP4 antibody to reveal the viral glycoprotein, a
colocalization of the GP (in red) and of the GFP (in green) signals was observed (Fig. 41A,
first panel). However, when using the human sera V123 and V151 as a source of primary
antibody, which were previously shown to be positive for EBOV antibodies in the serology
assay mentioned above (A.A. Cunningham), no colocalization with GFP positive cells could be
observed (Fig. 44A, second and third panels). Similarly, cells transfected with the European
Lloviu virus glycoprotein that has, so far, never been detected in Africa were used as an
additional study control. Interestingly, cells transfected with LLOV GP, gave a more intense
and specific staining compared to cells transfected with EBOV GP and could thus represent a
positive signal for LLOV antibodies (Fig. 44B). Of interest, similar results were obtained with
pig and bat sera (data not shown).

Therefore, these results suggest that LLOV and/or LLOV-like filoviruses are circulating
in Ghana and are able to infect humans, pigs and bats.
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FIGURE 44. INDIRECT IMMUNOFLUORESCENCE ANALYSIS OF GHANNAIAN HUMAN SERA

VeroE6 cells transfected with either a plasmid encoding for EBOV GP or EBOV GP followed by a GFP under a IRES.
Twenty-four hours later, cells were washed and fixed by aceton:methanol and incubated with either Ghanaian human
sera or monoclonal antibodies directed against EBOV GP1 (A). In similar fashion indirect immunofluorescence was
performed on VeroE®6 cells transfected with EBOV GP or LLOV GP (B).

DEVELOPMENT OF A LLOV AND EBOV-SPECIFIC LUMINEX ASSAY

To confirm the serology results obtained by immunofluorescence shown above, a multiplex
bead-based luminex assay using LLOV and EBOV glycoproteins as a source of antigen was
developed. To obtain pure antigens to couple to the luminex beads, EBOV GP12 and LLOV
GP4 > chimeric proteins were created. In this respect, a histidine tag was inserted in the C-
terminal of the protein upstream of the glycoprotein transmembrane domain (TM) that was thus
deleted (EBOV-GPATM-His and LLOV-GPATM-His). Without their transmembrane anchor, the
glycoproteins are released into the cell culture supernatants, with little or no cytotoxicity thus
providing a system with which to obtain a readily available source of antigens and to easily
purify them through their histidine tag.

As detailed above, glycosylations are known to play a central role in filovirus antigenicity [280].
As such and to verify if the recombinant proteins that are generated possess glycosylations
which are similar to the wild-type proteins, 293T cells were transfected with plasmids encoding
either for EBOV GP, EBOV GPATM-HIS, LLOV GP or LLOV GPATM-HIS (Fig. 45A to D).
Forty-eight hours post-transfection, cells and supernatants were collected and treated with
Endo H and PNG F and analysed by western blotting. Viral glycoproteins were detected using
either the 3373 monoclonal antibody that recognises the EBOV GP4 subunit or the LLO91
rabbit sera obtained from immunization that can recognise both LLOV GP1and EBOV GP;.

In cells, transfected with EBOV GP, in the mock treated condition, two bands of different
molecular weights were detected (Fig. 45A, Lane 1). The band with a lower electrophoretic
mobility did not undergoing any migration shift following Endo H treatment contrary to the band
of lower molecular weight (Fig. 45A, Lane 2). In addition, both forms were sensitive to PNG F
and were co-migrating after treatment (Fig. 45A, Lane 3). Those results would indicate that
during GP transfection, the protein of higher molecular weight represents Pre-GP/GP+, which
are Endo H resistant (indicated by a " after PNG F deglycosylation) and that the band of lower
molecular weight is Pre-GPer that is Endo H sensitive (indicated by a ‘#) and both are readily
detected in transfected cells. In the clarified supernatant, both GP; and Pre-GPer were
detected as observed after Endo H and PNG F treatments (Fig. 45A, Lanes 4 to 6). When cells
are transfected with an EBOV GPATM-His, a single product that was Endo H and PNG F
sensitive was observed (Fig. 45B, Lanes 1 to 3). In the supernatant, a unique Endo H-resistant
and PNF G-sensitive band corresponding to GP4 was observed. Furthermore, compared to
cells transfected with GP1 2 wild-type, the amount of GP1 released from the cells was higher
when cells were transfected with the GPATM-His plasmid. Of interest, only the Endo H
resistant form was present in the supernatant of cells transfected with the GP4, mutant
plasmid.

When cells were transfected with LLOV GP plasmid, a single protein was observed before
Endo H and PNG F treatments (Fig. 45C, Lane 1). However, after Endo H-specific
deglycosylation, two bands were detected (Fig. 45C, Lane 2). As the lowest band in the Endo
H condition migrated similarly following PNG F treatment (Noted by a ‘#, Fig. 45C, Lane 3)
and the highest band was only sensitive to PNG F (Noted by a ), it is possible to conclude
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that the band of higher molecular weight is LLOV Pre-GP+1/GP and the other is LLOV Pre-
GPer. Similarly to cells transfected with EBOV GP plasmid, both forms were detected in the
supernatant (Fig. 45C, Lanes 4 to 6). Surprisingly, no LLOV specific protein could be detected
in cells transfected with a LLOV GPATM plasmid (Fig. 45D, Lanes 1 to 3). However, a single
protein that was Endo H resistant but PNG F sensitive could be detected in the clarified
supernatant (Noted “’, Fig. 45D, Lanes 4 to 6).

Those results show that EBOV GPATM- and LLOV GPATM-transfected cells release viral
glycoproteins that have similar glycosylation profiles to the wild-type and mature
glycoproteins and are therefore suitable antigens for the development of a luminex
assay with which to detect the presence of potential circulating antibodies against
EBOV and LLOV glycoproteins.

A Cells Supernatant
EndoH - + - - + -
PNGF - - + - - +
GP, T ap = a-EBOV GP1
Pre-GPER }} a— - * (3373)
1 2 3 4 5 6
EBOV GP
B Cells Supernatant
EndoH - + - - + -
PNGF - - + - - +
GP, T b O S - ao-EBOV GP1
Pre-GP_, (3373)
1 2 3 4 5 6

EBOV GPATM-His
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FIGURE 45. EBOV AND LLOV GPATM-HIS-TAGGED MUTANTS GLYCOSYLATIONS ANALYSIS

EBOV GP and LLOV GP were modified to generate plasmids encoding GP deleted of their transmembrane domain and
fused to a histidine tag (GPATM-His). 293T cells were transfected with either plasmid encoding for EBOV GP (A), EBOV-
GPATM-His (B), LLOV-GP (C) or LLOV-GPATM-His (D). Thirty-six hours post-transfection, cells and supernatants were
haversted and subjected to Endo H and PNG F treamtents as before. Samples were analysed by western-blotting using
an EBOV GP1 monoclonal antibody or a polyclonal serum recognising LLOV GP1. The position of EBOV GP1 and Pre-
GPer and of LLOV GP1 after Endo H and PNG F are indicated by a (**), (#) or a (++) respectively.

For screening purposes, luminex beads were coupled with the purified, characterised EBOV
and LLOV antigens described above. Coupling was confirmed by incubating EBOV and LLOV
with different amounts of specific antibodies directed either against EBOV or LLOV antigens
(Fig. 46). A curve-response is expected if coupling occurred and if the antigens are still
available for antibody recognition. In this and following experiments a Hendra virus (HeV)
sTAG-coupled G surface glycoprotein, was used as a control. Indeed, HeV G-sTAG proteins
coupled to beads were already used to detect the presence of Hendra virus in animals and
humans and serve here as a quality control to determine specificity of the assay but also at the
same time as an external control to determine the sera background [302—304].

When using the same antibodies that was used for EBOV GP; detection by western blotting
(Antibody 3373; Figs. 46, 45A and 45B a dose response curve was obtained. Indeed, in
response to increasing amounts of antibodies, the signal obtained for the beads coupled with
EBOV GP12ATM increased (signals are given as Median Fluorescence Intensity (MFI); Fig.
46, upper left, black curve). A plateau was reached when the beads were incubated with 0.75
to 1.5mg/mL of antibodies. Expectedly, no signals were observed for beads coupled with HeV
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or LLOV antigens, demonstrating the specificity of 3373 binding to EBOV glycoprotein (Fig.
46, upper left, green and red curves respectively). However, while a response curve was
observed, the intensity of the Median Fluorescence Intensity (MFI) was very low (<200 MFI),
even for the highest concentrations of antibody used. Therefore, to further confirm antigen
coupling, another GP1 monoclonal antibody (Antibody 3327) was used (Fig. 46, upper right).
Of interest, this antibody was shown to be able to neutralize EBOV and VSV-pseudotyped
particles and bind to a different epitope than the non-neutralizing antibody 3373 [305].
Following incubation of the EBOV, LLOV and HeV beads with different quantities of the 3327
antibody, a strong and increasing MF| was observed for EBOV while no signal was measured
for HeV and LLOV, allowing confirmation of EBOV antigen coupling (Fig. 46, upper right, black
curve against red and green curves).

Similarly to what was obtained with the 3373 antibody, a weak dose response curve was
observed in response to the purified sera LLO91 (Fig. 46, lower left, red curve). In addition, a
non-negligible background for HeV and EBOV was obtained (Fig. 46, lower left, green and
black curves respectively). In the absence of other available LLOV GP-specific antibodies, a
his-tag antibody was used to confirm coupling. Unsurprisingly, no signal was observed for the
HeV G protein that was tagged with a sTAG, while strong signals were detected for EBOV and
LLOV antigens. The dose response curves obtained were different for the two filovirus
glycoproteins. Indeed, a plateau was reached when beads were incubated with 0.1 mg/mL of
His-Tag antibody for EBOV (Fig. 46, lower right, black curve) and with 0.25 mg/mL for LLOV
(Fig. 46, lower right, red curve), suggesting either differences in epitope availability or in
coupling efficiency.

Consequently, these results confirm (i) that EBOV and LLOV antigens were successfully
coupled to the polystyrene beads, (ii) that differences exist in terms of antigen
recognition as observed by the differences in the MFI obtained when using two different
monoclonal EBOV GP, antibodies and (iii) that differences in coupling efficiency could
also exist resulting in reduced MFI for a specific antigen.
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FIGURE 46. ANTIGENS COUPLING CONFIRMATION

His-tagged purified EBOV and LLOV GP1,2 and sTAG purified HeV G antigens were coupled to bio-plex microsphere
beads. Antigens coupling were confirmed by incubating 3700 beads of each analytes per well for one hour at room
temperature with the indicated amount of either EBOV GP1 monoclonal antibodies (3373 and 3327), LLOV-GP1 purified
polyclonal sera or monoclonal his-tag antibody. The binding of the antibodies to the microspheres was detected by
incubating beads with Protein A/G and then with SAPE. The median fluorescence intensities (MFI) of the three analytes
in each well were then read on a Flexmap 3D instrument.

GHANA SERA SAMPLE SCREENING

In the absence of positive and negative controls for the tested animal species (pigs and bats)
and for the human samples, it is technically difficult to set up a cut-off value that would allow
us to discriminate between a positive and a negative sample. As such, a value of 1000 MFI
was arbitrarily chosen as an initial cut-off. All samples beyond this value were considered as
positive and were chosen for further confirmations by immunofluorescence. Furthermore, by
comparing the MFI obtained for one analyte to the other analytes it is possible to obtained
information on the background signals. The results of the sample screening by luminex with
EBQV, LLOV and HeV antigens for human, bats and pigs are shown Figs. 47A, 47B and 47C
respectively.
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As can be observed, for majority of the samples the MFI were below the decided cut-off
(indicated by a black line, Figs. 47A to C). In humans, four samples were above the 1000 MFI
cut-off for EBOV and LLOV antigens (Fig. 47A), whilst seven samples showed a strong
reactivity for HeV antigen. Of interest, the V123 human sera that appeared positive by
immunofluorescence for LLOV gave a signal close to 1000 MFI (980 MFI) in this assay. On
the opposite side, the V26 serum that was apparently positive by immunofluorescence for
LLOV gave an MFI value for this antigen that couldn’t be disassociated for background signals,
whilst giving strong MFI values for EBOV and HeV antigens (243.50 LLOV MFI, 4327.50 EBOV
MFI, 3261.75 HeV MFI).

In bats, samples from M. daubentonii that were sampled in the United Kingdom were included
and considered as naive for any Filo-like virus and helped to obtain information on the
background signals (Fig. 47B; the symbols on the Figure are associated to different bat
species). Of special interest, for other bat species several sera appeared to possess antibodies
that bound strongly LLOV and EBOV antigens, especially the 5510 sera obtained from a E.
franqueti bat that resulted in a very strong signal for EBOV (10490 MFI) with no or very little
signal for LLOV and HeV (107.25 MFI and 83.25 MFI, respectively).

For pig samples, sera from a hyper-immune pig that was obtained both before and after
immunisation with EBOV virus-like particles served as a negative and positive control
respectively (Fig. 47C; EBOV-VLP- and EBOV-VLP+). Before immunisation, for all antigens,
the MFI obtained were ranged from 300-500 (LLOV and EBOV) to 2000 (HeV). The high signal
that was obtained using the post-immunisation sera and that only increased for EBOV
confirmed the specificity of the assay (23143.33 for EBOV MFI against 947.67 for LLOV MFI
and 2178.66 for HeV MFI). Interestingly, several pig sera showed a strong reactivity to the two
filovirus glycoproteins, especially the P33 and P49 sera that gave respectively MFI values of
9897.75 and 4239 for LLOV antigens. Those values were at least 10 times above the value
obtained when the LLOV beads were incubated with the negative pig control (484 MFI) and
were at least 4 times above the values obtained for EBOV and HeV analytes with the same
sera samples. The P90 sera also gave a strong MFI for EBOV (7200.75 MFI) that was also 4
times above the values obtained for LLOV and HeV beads (1081.75 LLOV MFI and 1667.00
HeV MFI). Overall, our results show that the same proportion of humans positive for EBOV
and LLOV antibodies was obtained in this assay (2.9% of the sera above 1000 MFI). For pigs
appear to have more antibodies against a LLOV-like virus than against the EBOV-like virus
(41% and 17%, respectively), while bats had more antibodies against an EBOV-like virus than
a LLOV-like virus (2.8% for LLOV-GP against 5.7% EBOV-GP).

As of aresult, using the Luminex® technology and a home-made assay, it was possible

to detect the presence of antibodies in the sera of humans, domestic pigs and different
bat species against potential EBOV and LLOV-like virus(es) circulating in Ghana.
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FIGURE 47. GHANIAN SERA SCREENNING

Human (A), bat (B) and pig (C) ghanian sera were collected and analysed by luminex using microsphere beads coupled
with EBOV GP, LLOV GP and HeV G antigens that were generated before. The horizonal line representes the chosen cut-
off of 1000 MFIL. For the bat samples, the names of the species are indicated below the figure. In the case of the M.
daubentonii species, the samples were collected in England as part of a surveillance program for Rabies virus.

LUMINEX DATA CONFIRMATION BY INDIRECT IMMUNFLUORESCENCE ASSAY

To confirm the luminex results presented above, the sera that gave the strongest MFI were
selected and analysed by immunofluorescence as before. In this respect, VeroE6 cells were
transfected either with plasmids encoding EBOV GP, LLOV GP or an empty plasmid as control.
Cells were then fixed and incubated with diluted sera (Fig. 48). In a similar fashion than what
was observed in Fig. 44), when a serum does not contain any specific antibodies against one
of the expressed viral glycoproteins, the observed staining is either very diffused or almost
indistinguishable (see Fig 48. ‘Empty’ row; LLOV GP in Lanes 1 and 5 and EBOV GP, Lanes
3 and 4). Conversely, positive sera gave a distinct staining pattern in transfected cells (Fig. 48,
cells considered positive are marked by a white arrow). Generally, an accordance was
observed between sera that gave positive, specific signals in this assay and the sera that had
an MFI >1000 by luminex assay. One exception was observed for the human sera V132 for
which we obtained an MFI of 1232.75 for EBOV and 34.75 for LLOV by Luminex but that
seemed to give positive signals for antibodies against LLOV glycoprotein instead of EBOV in
this assay. Indeed, and as expected, positive cells were found when EBOV GP transfected
cells were incubated with the positive pig sera control, while no staining or nonspecific staining
was observed following incubation with cells transfected with LLOV GP plasmid or an empty
plasmid (Fig. 48, Lane 1). Of special interest, similarly stained EBOV GP transfected cells were
found with the highly reactive bat sera 5510. On the other side, the staining obtained for LLOV
with this serum was similar to what was observed for the empty plasmid, demonstrating the
detection of specific EBOV GP antibodies in those two sera (Fig. 48, Lanes 1 and 5). For LLOV,
using the pig sera P33, comparable results to what was obtained for EBOV and the bat sera
5510 were observed (Fig. 48, Lane 3). Interestingly, the pig P90 sera had MFI above for 1000
for both EBOV and LLOV and appeared to be both also positive for antibodies directed against
EBQOV and LLOV antibodies by immunofluorescence, with positive cells that were found in both
conditions, suggesting the presence of cross-reacting antibodies in this serum (Fig. 48, Lane
2).

Consequently, and at the exception of one human serum, it was possible to confirm the
results obtained by Luminex using an indirect immunofluorescence approach. Of
interest, the sera obtained from an E. franqueti bat, for which RNA against EBOV has
been detected (see paragraph ‘Natural and accidental hosts of Filoviruses) was positive
for EBOV in both techniques. In a similar fashion, the pig sera P33 was also positive by
Luminex and indirect immunofluorescence. Taken together, those results are strongly
suggesting that at least one EBOV and/or LLOV-like viruses are circulating in Ghana,
West Africa.
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FIGURE 48. CONFIRMATION OF LUMINEX RESULTS BY INDIRECT IMMUNOFLUORESCENCE ANALYSI

Similarly to before, sera showing the highest reactivity by luminex were chosen for confirmation by in
immunofluorescence using cells transfected with EBOV GP, LLOV GP or an empty plasmid. The white arrows indica
position of positive cells. The values obtained by luminex are indicatecd.
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GHANA SAMPLING TRIP

The results obtained so far lead to believe that in Ghana, one or several filo-like viruses are
circulating in different animal species and that these viruses can infect humans. To confirm
those results, animal tissues were collected to obtain samples for RNA extraction, histology
analysis as well as for as viral isolation attempts in cases where samples were found positive
by RT-PCR.

During this mission, 76 E. gambianus bats, 67 R. aegyptiacus bats and 73 S. domesticus
(domestic pigs) were sampled. Bat and pig samples were collected at two different localisations
(Fig. 49A): E. gambianus samples were obtained in the Ghanaian capital Accra from bats
roosting in the trees of the 37th Military hospital while R. aegyptiacus tissues were collected
from bats nesting in the Buoyem caves, near Techiman further north (Fig. 49B and C). All bats
were captured by skilled bat hunters using nets that were set up near their resting trees or at
the exit of the cave (Fig. 49E and C). After capture, bats were transported in cotton bags to the
sites of necropsy (Fig. 49B and D) and were kept and feed in a cage (Fig. 50A and B, upper
panel) prior to being euthanized for sampling. For the bats, the brain, lungs, kidneys, liver,
spleen, intestines, lymph nodes and gonads, as well as rectal and oral swabs were collected
and stored in RNAlater prior to RNA extraction. The canines were also extracted and used for
cementum age determination (Fig. 50B, left panel). Bats were also weighed and measured
(Fig. 50B, right panel). For pigs, samples were collected in different farms in Techiman and in
Accra. When possible, lungs, liver, spleen, intestines, lymph nodes and kidneys were
collected. Samples were kept on ice before being processed similarly to the bat tissues. During
the necropsy, a report of all observed signs of infection, including for example the presence of
lesions or lymph nodes enlargements, was kept for both pigs and bats.

In total, excluding the oral and rectal swabs, 1245 samples were collected and used for total
RNA isolation (Fig. 51A). RNA analysis showed a clear difference in total RNA yield obtained
for the different organs, with the livers, the spleens and the lymph nodes giving more RNA than
the brain, gonads, intestines and lungs, for the three species (Fig. 51B). Northern blot analyses
of the 28S and 18S rRNA subunits for RNA extracted from bat tissues (gonads and intestines)
were performed to verify RNA integrity (Fig. 51C). As can be observed, the two rRNA subunits
are visible for all samples and no degradation was observed. In addition, RNA from R.
aegyptiacus and E. gambianus were successfully used to amplify the NPC1 gene as a quality
control (data not shown).

Therefore, those data demonstrate that RNA was not degraded during the different
steps that lead to its isolation and that it is suitable to perform nested RT-PCR.
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FIGURE 49. SAMPLING LOCALISATION AND LABORATORIES INSTALLATION

Map of Ghana (A) showing the cities where the different bat and pig samples were collected. The R. aegyptiacus
were collected, near Techiman (B), in the Bouyem Caves (C, the exit of the cave is shown). The E. gambianus were
sampled in Accra (D) in the fields of the 37 Military Hospitals (E). Pigs were sampled from local farms in
Techiman or from the great Accra region.
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FIGURE 50. AGE AND SIZE DISTRIBUTION OF E. GAMBIANUS AND R. AEGYPTIACUS SAMPLED BATS
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Representative pictures of each bat species are shown (A). Canines were extracted for cementuum aging (B, left panel) and the

size of each animal was measured (right panel).
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FIGURE 51. RNA EXTRACTION ANALYSIS FROM GHANAIAN ORGANS STORED IN RNALATER

The protocol outlines used for storing samples before RNA extraction is shown in (A). For RNA extraction, samples were removed from
the RNAlater and the organs were destroyed in a RLT buffer. RNA extraction was performed as per the manufacturer’s instructions and
the amount in pg per organ is shown in (B). Several samples were used to verify the RNA integrity by northern-blot and the position of

the rRNA 28S and 18S are shown (C). RA: R. aegyptiacus; Ctrl: Control (cellular extract)
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IDENTIFICATION OF NEW MARBUGVIRUSES IN ROUSETTUS AEGYPTIACUS BATS

To detect any putative new or already existing Filovirus in the collected samples, primers
directed against a highly conserved region of the Filovirus polymerase L were used to perform
nested RT-PCR. Samples that showed an amplicon of the correct, predicted size after the
nested PCR (270 nucleotides) were sent for Sanger sequencing.

For all of the samples analysed following nested RT-PCR, only a few gave an amplicon with a
correct size (Fig. 52A, within the white rectangle). From all of the sequences obtained, three
samples corresponding to the R. aegyptiacus bats #1 (lymph nodes, “***’, Fig. 52A), #6 (spleen,
*' Fig. 52A) and #12 (lymph nodes, **, Fig. 49A) were purified and sent for sequencing. The
DNA chromatograms obtained after sequencing are shown (Fig. 52B) and demonstrate the
high quality of the sequences obtained that contained no (Fig. 52B, R. aegyptiacus bats #1
and #6) or very little parasite sequences (Fig. 52B, R. aegyptiacus bat #12). Following
sequencing, similarity searches between the newly obtained sequences and known filoviruses
were performed using the Megablast algorithm. Of particular interest for our study, it was found
that the three sequences amplified from the different bats indeed aligned with existing MARV
natural isolate sequences already present in the database (Fig. 52C). For convenience, only
the first result of the Megablast analysis is presented and all substitutions are highlighted by
black rectangles. Of note, for the three different animals, between 9 and 11 substitutions (95%
to 96% identity) were found compared to published MARV sequences. Importantly, expectation
values (E-value®; ‘Expect’ in Fig. 52C) ranged from 2x10°% to 4x10, confirming the specificity
of the blast results and allowing us to affirm that those animals were indeed infected with a
MARYV-related virus.

Multiple sequence analysis (Fig. 52D) and phylogenetic tree reconstruction (Fig. 52E) showed
that the three newly-identified sequences were more related to the Angola strain of MARV than
to RAVV strains (2009 bat isolate and 1987 human isolate). Interestingly, the sequence found
in the R. aegyptiacus bat #12 did not cluster with the other two bat sample results in the
phylogenetic trees, suggesting that at least two different MARV-like viruses are circulating in
R. aegyptiacus bats in Ghana.

Through the collection of different bat and pig tissues, we were able to identify
sequences of at least one unknown Filovirus that appeared to be closely related to
MARV-Angola. This is the first identification of filoviruses sequences that are closely
related to a highly pathogenic Filovirus for humans in an area where no filovirus
outbreak has yet been reported.

6 E-value: The lowest this value is, the lower the chance of two sequences aligning by chance.
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FIGURE 52. MARBURGVIRUS-LIKE SEQUENCES IDENTIFICATION AND ANALYSIS

Nested RT-PCR using pan-filovirus primers, recognising both EBOV and MARV viruses, were performed (A). Organs that had amplicon
matching the expected amplicon size (highlighted by a white rectangle in A) were sequenced. The sequencing DNA chromatograms (B)
and the results of the blast analysis (C; only the first result of the analysis) are shown. Using the Muscle program for multiple sequence
alignment, the ghanian sequences were aligned with sequences of known MARV and RAVV strains (D) and a phylogeetic analysis was
performed (E). For those analysis the JalView program was used and the position of the MARV-like viruses are shown by a red rectangle.
In D, the dots are showing non-conserved regions and only the nucleotides that are conserved between few sequences are shown. The
regions which are highlighted in blue are regions conserved between all sequences. RA: Rousettus aegyptiacus; LN: Lymph nodes
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DISCUSSION

The discovery of potential new circulating viruses and their natural hosts and the identification
of regions where such highly pathogenic viruses are present is essential in limiting, as much
as possible, spillover events into the human population and to prevent new epidemies. In this
part of our work, we aimed to detect potential, new or already known filoviruses in Ghana,
West Africa, a region which has been so far been spared from any recognized filovirus
outbreak, despite being surrounded by countries that were recently affected by EBOV.

In a first series of experiments, we tried to confirm serology results using indirect
immunofluorescence (IFA), obtained previously for EBOV and MARYV antibodies by Profs. A.
Cunningham and J. Wood, and obtained with an in-house multiplex luminex assay, which they
were developing using different EBOV and MARV GP mutants. Whilst we were unable to
confirm their results, we were able to detect antibodies directed against the LLOV glycoprotein
in both human and animal sera samples they provided, suggesting that at least one filovirus
(either LLOV or a LLOV-like virus) is circulating in Ghana (Fig. 44). The discrepancy between
their bead-based assay and our results obtained by indirect immunofluorescence could come
from the nature of the antigens used. In our assay (IFA) the antigens used were well
characterized proteins expressed from native EBOV and LLOV GP genes whereas for the
luminex assay, the antigens used were sTAG-ged proteins that were released into the cell
culture supernatant through the deletion of the glycoprotein transmembrane domains and
protein trimerisation was forced through the addition of a GCN trimerisation peptide [341]. In
this context, the actual structures of the glycoproteins which were bound to the beads to
perform the luminex assay in their hands are unknown and could have provided false positives.
Technique dependent-differences in antibody detection of viral proteins by IFA or ELISA (or
similar techniques, such as Luminex) are well documented, with the latter being less sensitive
and more incline to provide false positives [342—344].

Therefore, to confirm our IFA results and to compensate for the little amount of sera that were
available for the experiments that made it impossible to perform sera-neutralizing assays,
which is considered as a gold standard for serology, we also decided to develop our own
multiplex bead-based assay. The advantage of this system is that, compared to ELISA, it
allows the simultaneous detection of antibodies against several viruses in a single well. In this
respect and as a source of antigens, we chose to generate EBOV and LLOVATM-His-tagged
mutants, which are commonly used to detect filovirus antigens [345,346] (Fig. 45). In the
absence of their transmembrane anchor, the viral glycoproteins are continuously secreted into
the cell culture supernatant, with no sign of cytotoxicity compared to the anchored
glycoproteins, providing a reliable and single source of antigens, which can also be easily
purified by their histidine tag. As stated above, the choice of the source of antigens and even
the expression system used is vital and can severely affect the results obtained for the
detection of antibodies against a specific pathogen. It is therefore essential to choose a protein
that resembles as much as possible the native surface proteins of the pathogen of interest. In
this respect, deglycosylation treatments proved to be a powerful tool to assess the conserved
structure of filovirus glycoproteins (See, Part. 1). Expectedly, we were able to observe a
significant increase in release of these mutated viral glycoproteins into the cell culture
supernatants, compared to their wild-type counterparts (Fig. 45). Furthermore, our analysis
showed that the GP1>ATM-His proteins that were released into the culture media were
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resistant to Endo H treatments but sensible to PNG F, and were, as such, resembling the wild-
type viral glycoproteins which are present in viral particles (Figs. 45 and 33B of Part 1). The
fact that our constructs have similar glycosylations to the wild-type glycoproteins is essential
as it was demonstrated multiples times that changes in EBOV glycosylations were able to
impact its immunogenicity and to interfere with the protein structure [34,141,144,280,282] (see
also GP2res results from Part 1). Interestingly, and of note, during our glycosylation analysis,
we were able to observe that the levels of Pre-GPer are lower in LLOV GP transfected cells
compared to EBOV transfected cells, suggesting that LLOV GP;, is processed and
glycosylated faster than EBOV GP1 (Fig. 45).

Using different amounts of EBOV GP4, LLOV GP1 and His-tag antibodies we were able to
confirm coupling of our purified antigens on luminex microspheres (Fig. 46). Of importance, in
these experiments, we were able to observe differences in the ability of different EBOV GP
monoclonal antibodies to detect the coupled GP12ATM antigens. Indeed, when using the non-
neutralizing EBOV GP4 3373 antibody, despite observing a response curve to antibodies, the
MFI obtained were significantly lower than those obtained with the neutralizing EBOV GP4
3327 antibody [305] (Fig. 46 upper panel). Similar results were obtained with the only anti-
LLOV GP sera available in our laboratory, which lead us to use an anti-His-tag antibody to
confirm LLOV GP12ATM-His coupling (Fig. 46, lower panel). Of importance, the 3327 antibody
was shown to recognize a conformational epitope, suggesting that the EBOV anchorless-
mutant has a structure that would be conserved with the virion-bound GP1» protein and that
we are likely to be able to successfully detect antibodies against filovirus using the tools we
have developed.

Using this novel assay, we investigated the presence of EBOV and LLOV antibodies in different
animals and human sera (Fig. 47). To determine the limit of positivity in a serology assay, a
cut-off is usually determined using positive and negative sera or is calculated by comparison
with more robust methods such as sera neutralizing assays [302]. In our case, in the absence
of both controls for humans and for each bat species, as well as a limited volume of sera that
limited the possibility of performing cross-reactive serological assays, we decided to set our
cut-off as 1000 MFI.

Several sera provided positive results in our screening. For instance, E. franqueti bat sera
5510 was highly reactive for EBOV glycoprotein whilst giving very little signal for LLOV and
HeV glycoproteins, suggesting the presence of specific antibodies against EBOV. Similar
conclusions can be made for LLOV and the E. gambianus sera 7375 or with the pig sera P33.
In addition, the detection of antibodies directed against filoviruses in R. aegyptiacus and E.
franqueti bats, but also in pigs, is consistent with data obtained previously by others
[34,45,296,299,347]. Of interest, our results showed that for most of the sera, there was very
little cross-reactivity between the different glycoproteins used from the same or for a different
virus family (e.g 5510 or P33), highlighting the possibility to further multiplex this assay and to
include all filoviruses known so far to obtain a full spectrum of the different filovirus circulating
in this area. Similarly to before, we aimed to confirm our luminex results by IFA (Fig. 48).
Remarkably, compared to the first results obtained by luminex (Fig. 47), with the exception of
one serum, we were able to find a good correlation between the samples that reacted strongly
in our luminex assay and those that appeared positive by IFA. The inability to confirm the
presence of antibodies for one of the samples that had a high MFI by luminex by IFA could be
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again explained by differences in protein structures and their presentation and therefore
epitope availabilities, as explained above.

Taken together, our results strongly suggest that one or several filoviruses are circulating in
Ghana. The detection of antibodies against EBOV in humans is also not surprising. However,
it is the first time that in humans, antibodies against one or several filoviruses were detected
in this country, which has never reported any EBOV cases [9]. LLOV has never been isolated
and in the absence of any outbreak in humans thus far is believed to be non-pathogenic for
mankind [3,6]. To our knowledge, it is also the first time that antibodies that can bind LLOV
glycoprotein have (i) ever been detected in Africa, and (ii) that humans as well as pigs, showed
antibodies against this virus [34]. While antibodies against EBOV in humans, that otherwise
declared no apparent Filovirus-like associated-disease, have already been documented, those
data were obtained from countries which have previously been affected by the virus or were
undergoing an outbreak, and are therefore thought to be the result of asymptomatic EBOV
infection [348,349]. However, in this case, we believe that the detection of antibodies against
EBOV or LLOV are more likely to be the result of an infection with a closely related but non- or
mildly-pathogenic filovirus. The idea that a sub-lethal virus could be circulating in specific
regions and that it could then confer protection against a more pathogenic virus of the same
family has been suggested to explain the relatively high seroprevalence observed in some
studies for lethal viruses such has EBOV, while having, in the end, only a limited number of
outbreaks [350,351]. The recent discovery of Bombali ebolavirus — whilst its pathogenicity
remains unknown for humans — and the high seroprevalence in the Bombali District for EBOV
antibodies could actually fit this hypothesis [298,352].

To confirm our serology analysis, we attempted to detect any potential circulating filovirus by
sampling organs from two bat species (E. gambianus and R. aegyptiacus), as well as domestic
pigs, by sampling in two different regions of Ghana (Fig. 49). The organs and the bat species
sampled were chosen based on our serology results and the fact that Rousettus spp. have
been shown to be the host of several MARV and MARV-related virus [4,5,34,39,44,53]. In this
project, we sampled more than 67 animals for each species (75 E. gambianus, 67 R.
aegyptiacus and 73 S. domesticus). The number of animals were selected based on our
serological data and previous publications. Indeed, we evaluated that, if the virus would be
circulating in these animal species in this region and at this time of the year, it is the necessary
number of animals to have at least one positive sample (estimations made with Sampsize
V0.6.0). Furthermore, it has been shown for MARYV that the infection prevalence increased
during the weeks preceding the twice-yearly birthing season for the sampled bat species [353].
Therefore, the good quality of our RNA after storage and extraction and the fact that the
sampling mission occurred in the window that was suggested to be favourable for the detection
of MARYV [353], gave us confidence that this should not interfere with our assay sensitivity and
that we should be able to detect a filovirus if it is present in our samples (Fig. 51).

Nested RT-PCR screening on E. gambianus and S. domesticus samples failed to provide any
positive samples. Domestic pig sampling was performed in different pig farms that were in or
around Techiman and Accra, but in most of the cases we were not able to obtain the exact
origin of the animals and to know if they were housed together. It is thus very unlikely that we
sampled the required number of animals from the same population. Therefore, in the absence
of a clearly defined population, we cannot apply our initial estimation on the number of animals
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necessary to get a single positive sample and this could explain why we failed to detect any
virus in our samples for these species.

For E. gambianus bats, with the exception of antibodies against EBOV and RESTV, no filovirus
or RNA sequences of filo-like viruses have been detected [34,300]. R. aegyptiacus and E.
gambianus habitats are incomparable, one living in caves and the other one roosting in trees.
Furthermore, our observations showed that the two species do not have the same behaviour
in cages. Indeed, clear social behavioural differences between the two bat species could be
observed and could provide hints on how the viruses can be maintained in the population (Fig.
50). In the cages, E. gambianus bats were always separated from each other’s, except when
feeding on the same fruit, whereas the R. aegyptiacus bats were always seen packed together.
It can thus tempting to speculate that for E. gambianus bats, the horizontal transmission of
different viruses is more likely occurring through fomites than through direct individual contacts,
as already described for MARYV transmission in R. aegyptiacus bats [43]. Those differences
could play a substantial role in viral dynamic transmission and maintenance and as our
experimental design was made according to data obtained on the relationship between MARV
and R. aegyptiacus, it could also explain the absence of positive samples in this population.

While we were not able to detect any filovirus in E. gambianus and S. domesticus, three of our
R. aegyptiacus bats were positive for a MARV-like virus in organs that are known to be the
main targets for filovirus replication (Fig. 52A) [25,39,41]. Based on the number of R.
aegyptiacus that were sampled, we estimated the rate of infection to be of 4% at that time and
in this population. Those results are in line with what has already been observed previously
[353]. Sequence analysis showed that our sequences have 95% identity at the nucleotide level
and that they have 99% identity at the protein level, with one mutation that is not silent (F>Y),
with all known MARV and RAVYV strains. The high number of mutations (between 9 to 11
nucleotides substitutions for sequences of about 220 to 230 nucleotides) and the quality of the
sequencing data allow us to fully exclude any contamination coming from our different positive
controls used during the nested RT-PCR or sequencing issues and to be certain of the
identification of new MARV sequences (Fig. 52B). Phylogenetic analysis showed that our
sequences are more closely related to MARV and especially the Angola strain, which is
considered to be the most pathogenic MARYV strain (Fig. 52C and D). This result is highly
surprising considering that no outbreak has ever been reported in Ghana and that no EVD-like
disease was reported from people living in close proximity to the cave. Of note, necrosis
analysis showed that animals were seemingly healthy, with only one of the animals that
showing enlarged lymph nodes, supporting the idea that R. aegyptiacus bats are able to
replicate the virus with no signs of disease and that they are indeed the natural reservoir of
Marburg marburgvirus. Finally, divergences could be observed between the three MARV
positive samples obtained, and the R. aegyptiacus #6 MARV sequence, with 3 additional
differences compared to the other two samples, did not cluster with the other two sequences
obtained (that were diverging between each other at a single position) in the phylogenetic
analysis (Fig. 52D). Co-infection and co-circulation of MARV-like viruses in the same bat
population have already been documented [5]. Further data and analysis will be required to
determine the exact nature of these circulating Ghanaian strains.
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CONCLUSIONS AND PERSPECTIVES

Since its discovery in 1976, the scientific community has been able to obtain a better
understanding of the molecular basis of EBOV pathogenesis. However, whilst numerous
studies and attempts were made to try to discover the natural hosts of the different filoviruses
and especially of EBOV, our knowledge in this respect is terribly limited and constitutes an
important obstacle in our ability to predict and to limit filovirus outbreaks in susceptible wild
animals and in humans.

In this project, we strove to identify the regions and also the natural hosts in which filoviruses
are currently circulating. This work is of special importance as the identification of the filovirus
natural reservoirs and the different areas housing filoviruses could help to prevent spillover
events into the human population and to prevent new deadly outbreaks. Previous published
results identified antibodies in bats obtained in Ghana, but so far, no viruses were ever
detected despite intensive efforts and sample collection.

The identification of specific antibodies against one or several pathogens is challenging and is
highly dependent on the antigen used to capture the antibodies. In this work, we decided to
use transmembrane-truncated, trimeric EBOV and LLOV as a source of antigens for the
development of a multiplex bead-based assay. We demonstrated that those antigens were
similar to the full-length glycoproteins and were suitable as EBOV and LLOV antigens. We
managed to successfully detect antibodies circulating in the sera of several bats and pigs as
well as in humans, against both viruses. It would be of interest to further multiplex this assay
to include all known filovirus species to get a better understanding of the filoviruses circulating
in this country. In addition, the obtention of samples from bats and pigs infected with different
filoviruses in a laboratory setting and sera from human survivors would help us to establish an
appropriate cut-off value and to fully validate our assay.

Of special interest, we were able to obtain three new MARV sequences which are closely
related to the most pathogenic MARV strain, MARV-Angola. Further analysis of the complete
genome will be key to fully assess the relationship between the newly identified MARV and the
other strains. The fact that no outbreak was ever reported in Ghana, while our data
demonstrate that filoviruses are present in this country is puzzling. In this respect, viral isolation
and characterisation will provide us the opportunity to evaluate the pathogenicity of this(these)
new virus(es) for humans. In the case that the virus is less pathogenic, it will help us to improve
our comprehension of MARV pathogenicity, which is thus far poorly understood.

In summary, we managed to detect antibodies against different filoviruses and were
able to identify for the first time the presence of MARV-like virus(es) in Ghana. This is
the first identification of a strain/strains that is/are closely related to a pathogenic
filovirus in a country that has never been affected by any filovirus outbreaks.
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MATERIALS AND METHODS

Cell lines and cell culture: VeroE6 cells (African green monkey kidney epithelial cell line), 293T
(human embryonic kidney cell line) and A549 (Adenocarcinomic human alveolar basal
epithelial cells) were grown in DMEM, Glutamax 1X medium (Dulbecco’s Modified Eagle’s
medium, Life Technologies, Cat #61965-059) supplemented with 10% heat inactivated foetal
bovine serum (FBS, PerbioHyclone), 50U/mL of Penicillin and 50ug/mL of Streptomycin (Pen
Strep, Gibco, Cat #15070-063). BHK-21 cells stably expressing the T7 polymerase (Baby
Hamster Kidney-21 T7 cell lines) were grown in G-MEM BHK21 media (Glasgow MEM BHK-
21 media, Gibco, Cat #21710-025) supplemented with MEM Non-Essential Amino Acids (MEM
NEAA, Life Technologies, Cat #11140035), Tryptose Phosphate Broth (Sigma-Aldrich, Cat
#18159), 10% FBS and 500pg/mL of geneticin (Sigma-Aldrich, Cat #A1720). Cells were
maintained at 37°C with 5% CO2 in a humidified incubator.

Transfection and rescue of recombinant VSV: 8x10° BHK-T7 cells were seeded in T25 flasks
the day before transfection. The cells were washed and starved for 1 hour with G-MEM BHK21
0% FBS before being transfected with the following plasmids: 1.5ug of pBS-N, 2.5ug of pBS-
P, 1ug of pBS-L and 0.5ug of T7 and 5ug of pVSV-FL encoding either for the wild-type EBOV
GP12 or for a HS EBOV GP+2 mutant (both derived from Zaire Ebola virus, strain Mayinga),
which has been described elsewhere [131]. In the case of rVSV-GP-LS rescue, cells were
plated in a 10 cm dishes, in a similar fashion, however, cells were transfected with 3ug of
pCAACS-N, 5ug of pCAACS-P, 2ug of pCAACS-L, 1ug of T7 and 10ug of pVSV-FL. For
transfection, Fugene 6 (Promega, Cat #E2691) was used following the manufacturer's
instructions with a ratio plasmids:reagent of 1:3. Six hours post-transfection, the transfection
mix was replaced with fresh G-MEM BHK21 media supplemented with 3% FBS and antibiotics.
Up to 7 days, supernatants were collected and passaged on VeroEG6 cells for amplification.
Cytopathic effects and rescues were confirmed by microscopy and western-blot analysis.

Virus stocks and virus infection: For infection with rVSV-AG-GP, rVSV-AG-GP-HS, rVSV-AG-
GP-LS viruses, VeroE6 or 293T cells were washed once with DMEM 0% FBS and infected
with the different amount of viruses in DMEM 0% FBS for 1 hour. After, the inoculum was
removed and fresh DMEM 3% FBS was added for cell maintenance. Virus stocks were titrated
using the TCID50 technique. At the appropriate time points, supernatants were harvested and
clarified by low-speed centrifugation (1200 rpm, 15 minutes). For separation of the soluble viral
proteins from the virion-bound proteins, clarified supernatants were loaded on a 20% sucrose
cushion and viruses were pelleted by ultracentrifugation using a Beckman SW60 rotor (58 000
rom, 50 minutes, 4°C) with a Beckman Optima L-70K ultracentrifuge. Of note, infected cells
were resuspended in the same amount of DMEM 3% FBS than the volume used for cultivating
cells while virions were concentrated 5 times in DMEM 3% FBS. In one experiment, pelleted
virion was washed in 1mL of DMEM 3%FBS and loaded on a double sucrose cushion with one
layer of 20% sucrose layered on top of a 60% sucrose cushion. The resuspended virion was
spin down by ultracentrifugation as before and was isolated by inserting a needle at the
interface of the 60% sucrose and a single fraction containing the virion was collected.
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Analysis of DRM in rVSV-infected cells: In a T75 flask, 6x10° cells were plated and infected on
the same day with rVSV-GP and rVSV-GP-HS viruses at a MOI of 3 for one hour. Cells were
then cultivated in DMEM 3%FBS. Twenty-four hours later, cell culture supernatant was
removed and cells were scrapped in ice-cold DMEM 0%FBS. Cells were spun down for 10
minutes at 1200 rpm and washed two more times in ice-cold media. Cells were then
resuspended in 600uL of CHAPS lysis buffer (20mM CHAPS, 50mM TrisHCI pH 7.4, 150mM
NaCl, 5mM EDTA and 1mM PMSF) on ice, followed by mechanical disruption using a syringe
and a needle. After 30 minutes, 600uL of 80% sucrose prepared in 50mM TrisHCI pH 7.4,
150mM NaCl, 5mM EDTA, 1mM PMSF to the lysed cells. To this mixture was overlaid 2200uL
of 30% sucrose and 700uL of 5% sucrose, prepared in the same buffer than the 80% sucrose.
Lysed cells were then submitted to ultracentrifugation for 120 minutes (48000 rpm, 4°C, no
brake). 10 fractions of equal volumes were collected and analysed by western-blotting.

Organelles separation of rVSV-infected cells: As before, 6x10° VeroE6 cells were plated in a
T75 flask and infected with rVSV-GP. Twenty-four hours later, cells were detached using
Versene and lysed on ice for 30 minutes in 1.6mL of hypotonic buffer (10mM TrisHCI pH 7.5,
1mM EDTA, and 0.25M saccharose). Cells were further disrupted by mechanical disruption
using a syringe and a needle. Nuclei were pelleted by centrifugation (600xg, 10 minutes) and
the lysed cells were separated in three fractions equal volumes. Fractions were then diluted
with OptiPrep™ 60% (Sigma Aldrich, Cat #D1556-250ML) to obtain three fractions of identical
volume with a final concentration of OptiPrep™ of 30%, 20% and 10% respectively. Lysed
cells mixed with OptiPrep™ were then overlaid in an ultracentrifuge tube and samples were
ultracentrifuged for 1.5 hour, 60000rpm, 4°C, on a SW60 rotor, without brake. Fractions of
equal volume were then obtained from the top and analysed by western-blotting.

ADAM17 inhibition analysis: To confirm the role of ADAM17, the metalloproteinase inhibitor
marimastat (Sigma-Aldrich, Cat #M2699-5MG) or DMSO, was added to the cells after
removing the viral inoculum. EBOV GP1, shedding was analysed by western-blotting as
presented below. For phosphatidylserine competition assay, cells were incubated with different
amount of O-phospho-L-serine (Sigma-Aldrich, Cat #P0878-10mg) after 6 hours of infection in
DMEM 3% FBS. Importantly, all pH of the inhibitors were adjusted to 7.2.

Deglycosylation assays: N- and O-Glycosylations analyses were performed using Endo H and
PNG F enzymes from New England Biolabs (Cat #P0702S and #P0704S). Briefly, 45uL of
samples were first denatured for 10 minutes at 95°C in a supplied buffer and then 5L of either
Endo H or PNG F enzymes were used for deglycosylation of the different samples with their
appropriate buffers and when necessary NP-40 was added. Deglycosylation occurred for 2h30
at 37°C. Samples were then analysed by western-blotting. In the case that samples were
already in loading buffer and denatured, samples were incubated with their specific buffers and
enzymes, but the denaturation step and NP-40 were omitted.

Antibodies and western-blot analysis: For western-blot analysis, samples were prepared using
a 4X-gel loading buffer (SDS 8%, Glycerin 40%, 2-mercaptoethanol 20%, 0.4% Bromophenol
blue) and boiled for 10 minutes at 95°C. Protein separation was performed by SDS-PAGE
using 12% Mini-PROTEAN® TGX precast gels (BioRad, Cat #4561045) and transferred to
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PVDF membranes (BioRad, Cat #1704157) using the semi-dry transfer from BioRad and the
pre-saved Low MW program (Trans-Blot® TurboTM Transfer system; 1.3A, 25V for 5 minutes).
Unspecific binding was blocked by incubating membranes in Milk 1%-PBS 1X, for 30 minutes
at room temperatures. Membranes were then incubated with either anti-GP sera recognizing
both GP1 and GP- subunits or monoclonal anti-GP4 antibody diluted in Milk 1%-PBS 1X-Tween
0.1% for 2 hours at room temperature. Following washing steps with PBS 1X-Tween 0.1%,
membranes were incubated for 45 minutes with horseradish peroxidase conjugated antibodies
purchased from Dako (Polyclonal Rabbit anti-Goat Cat #P0049; Polyclonal Goat anti-Mouse
Cat #P0047). Finally, protein detections were performed by the ECL technique (Bio-Rad,
ClarityTM Western ECL Substrate; Cat #170-5060). Membranes were read using the
ImageQuantTM Las 4000 (GE, Cat #28-9558-10) equipped with a CCD camera cooled at -
25°C driven by the ImageQuantTM Las 4000 software. For the detection of phosphoproteins,
the same protocol was followed except that membranes were blocked in BSA 5%-PBS1X and
primary and secondary antibodies were diluted in BSA 5%-PBS 1X-Tween 0.1%. Images were
analysed afterward using ImageJ [340]. In this work, the following antibodies were used ERK-
1 (Santa Cruz, #sc-271270), phospho-p38 MAPK (Cell Signalling Technology, #4511S), p38
(Cell Signaling Technology, #8690S) and ERK1/2 (Cell Signalling Technology, #9120S).

3D reconstruction of rVSV-GP infected cells: The day before infection, A549 cells were plated
on coverslip in a 6 well plate to obtain about 50% confluence at the time of infection. For
infection, cells were washed once with DMEM 0%FBS and infected with rVSV-GP at a MOI of
1 for 1 hour. Twenty-four hours post infection, supernatant was removed and cells were
washed three time in PBS 1X and fixed with Paraformaldehyde 4% (PFA 4%) for 10 minutes.
Next, cells were washed three times in PBS 1X and blocked in BSA 2%-PBS 1X for 15 minutes
at room temperature. Cells were then incubated with EBOV GP1 3373 monoclonal antibody
(1:1000 dilution) and ADAM17 antibody (20ug/mL; Abcam, # ab39162) for 1 hour, on ice. Cells
were washed three times in PBS 1X and incubated with appropriate secondary antibodies at
room-temperature (Anti-mouse Alexa 488 and Anti-rabbit Alexa 555 antibodies, respectively;
1:2000 dilution). Both primary and secondary antibodies were diluted in BSA 0.2%-PBS 1X.
Slides were then washed twice in PBS 1X and three times in ddH,O and mounted using a
mounting medium containing DAPI. For imaging, a Leica SP5 Confocal microscope was used
equipped with the Las AF software. Pictures were obtained with a 63 x 1.4-0.6 oil DIC wd 0.1
mm lens (Leica # 11506192) leading to a xy pixel size of 0.246um (Laser argon 488nm) and
of 0.225um (Laser DPSS 561nm). To capture multi-wavelength 3D images, the sequential
imaging mode was used with the following parameters: Pinhole: 1 Airy unit; zoom factor: 1;
scan format 2048x2048; scan speed: 400 Hz and with a frame averaging of 8 (only for the
Laser argon 488nm and DPSS 561nm) and a smart gain of 1047.0V. In total, 69 pictures for
each colour were acquired. For the 3D reconstruction, the Imaris software V9 (Bitplane) and
its iso-surface rendering function was used.

Fluorescence analysis of human and animal sera: The day before transfection, VeroE®6 cells
2.2x10*were plated in a 12 well plate on glass slide that were coated with FBS for 30 minutes.
Cells were then transfected with 500ng of plasmids encoding for EBOV or LLOV GP1 per well
using turbofect at a ratio of 1:5. Twenty-four hours later, cell culture media was removed and
cells were washed with D-PBS 1X Ca** Mg?*. Cells were then fixed and permeabilized on ice
with a 1:1 Methanol:Acetone solution for 10 minutes. The fixation solution was removed and
its complete removal was ensured by drying the plate at room temperature. Wells were then
blocked with using PBS-BSA 2% for 15 minutes at room temperature. Specific GP antibodies
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and sera were diluted in PBS-BSA 0.2% and put in contact with the glass slides for 1h, on ice.
For sera, dilution between 1:100 and 1:300 were used. Next, glass slides were washed three
times with PBS 1X and the secondary antibody was added. Anti-mouse and anti-rabbit Alexa
Fluor 555 conjugated antibodies were diluted in PBS-BSA 0.2% at a dilution of 1:2000. Anti-
pig-FITC was diluted 1:50 and anti-human 1:400. Staining was performed at +4°C, for 45
minutes, in the dark. Finally, cells were washed twice in PBS 1X and three times in ddH20 and
slides were mounted using a mounting medium containing DAPI. For bat antibodies detection,
goat anti-bat Ig were used followed by incubation with anti-goat Alexa Fluor 555.

Luminex beads coupling: For coupling, Bio-plex COOH Iluminex beads (Bio-rad, Cat
#171506027 and #171506033), were resuspended and 1.5x10° in a Lobind microcentrifuge
tube (Sigma Aldrich, Cat #2666505-100EA) and spin down for 4 minutes at 12500 rpm.
Supernatant was discarded and the beads were resuspended in 100uL of dH20 by vortex and
sonication for 20 seconds. Beads were again pelleted and the washed microspheres were
resuspended in 80uL of 100mM Monobasic Sodium Phosphate (Sigma Aldrich, Cat #S3139-
2509g) pH 6.2 by vortex and sonication for 20 seconds. 10uL of a 50mg/mL Sulfo-NHS (Pierce,
Cat #S3139-2509) solution prepared in dH20 was added to the beads, followed by gentle
mixing by vortexing. Beads were incubated for 20 minutes at room temperature. After the
incubation, microspheres were spun down as before and washed two times in 250uL of 50mM
MES (Sigma Aldrich, Cat #M2933-100g), pH 5.0. For each washing steps, beads were
resuspended by vortexing and sonication for 20 seconds. Before incubating the activated
microspheres with the LLOV and EBOV antigens, microspheres were spin down and
resuspended as before in 100uL of 50mM MES, pH 5.0. Microspheres were then incubated
for 2 hours with 5ug of protein, in a final volume of 500uL of 50mM MES, pH 5.0, for two hours
on a rotating wheel at room temperature. After two hours, the microspheres were spun down
and resuspended in 500uL of PBS-TBN (PBS-BSA 0,1%-0,002%Tween-20-0,05% sodium
azide). Coupled microspheres were washed for an additional two times with 1mL of PBS-TBN
and then were resuspended in 250uL of PBS-TBN. Recovered beads were then counted by
microscopy.

Antigen coupling confirmation and sera screening: A 96 well filter plate (Millipore, Cat
#MSBVN1210), was pre-wet with 100uL of PBS-TBN. Beads were resuspended by vortex and
sonification and diluted in PBS-TBN to obtain a final concentration of 70 microspheres/uL. The
PBS-TBN was removed from the plate and 3500 beads (50uL) were added per well. In the
case of antigen coupling confirmation, 50uL of diluted antibodies in PBS-TBN or negative
control, were added to the plate. For human and animal sera screening, sera were diluted 1:50
and 50pL of this dilution were added to the plate. Each time the antibodies or the sera were
added, the samples were mixed by pipetting several times, while taking care to not damage
the plate filter. The plate was then covered with a film and a lid and incubated in the dark at
room temperature for 1 hour on a plate shaker. The plate was then emptied and washed three
times with 100uL of PBS-TBN and incubated with 100uL of 2ug/mL solution of Protein A/G
(Pierce, Cat #32490), for 30 minutes at room temperature, in the dark, on a plate shaker. Plate
was washed as before and 100uL of SAPE (Thermo Fisher, Cat #S866) at a concentration of
1ug/mL was added in each well. The plate was incubated again for 30 minutes as before and
washed for two times, before resuspended the beads in 100uL of PBS-TBN. For analysis, 75uL
were used to be read on a Flexmap 3D.
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Animals sampling and autopsies: All procedures were approved by the Zoological Society of
London Ethics Committee and the Ghanaian Council for Scientific and industrial Research.
Experiments were performed with the help of the Wildlife Division, Forestry Commission.
Animals were captured by experienced bat hunters using mist netting and were euthanized by
intravenous lethal injections of Pentobarbitone. Before, blood was withdrawn by intracardiac
puncture and plasma was prepared by centrifugation and bats were scanned for the presence
of microchips. For all bats, pictures of the animals were taken before the autopsy to observe
all lesions that could have occurred during their capture. For pig sampling, animals were
obtained in the pig farm of Accra that obtained their pigs from local farmers coming from the
region Great Accra. In Tachimen, pigs were obtained from local farmer directly. Organs were
extracted from the animals and their processing was performed later the day. Between, the
organs were kept on ice blocks to try to preserve RNA integrity.

Bat and pig tissues extraction: During the animal necrosis, the organs were sampled and
placed directly into an eppendorf tube containing RNAlater™ (Thermo Fisher, #AM7021), and
the tube were placed at the end of the day at +4°C overnight. When possible, the tubes were
transferred at -20°C or -80°C or were otherwise kept at °4C until shipment. For RNA extraction,
the tissues were removed from their tubes and the excess of RNAlater™ was removed by
patting the tissue onto an absorbent paper. The piece of tissues was then placed into a 2mL
sterile Eppendorf tubes containing a stainless bead and RLT buffer (Qiagen, Cat #79216)
supplemented with 2-mercaptoethanol (Sigma Aldrich, Cat #M6250-250mL). The tissues were
destroyed using a TissueLyser Il (Qiagen, Cat #85300), for 1 minute, 30Hz, twice. Samples
were then spun down and the tissue lysates were transferred onto a NucleoSpin® RNA Filter
Plate (Macherey-Nagel, #740711) for further clarification. RNA was extracted from the lysed
tissue using the NucleoSpin® RNA 96 (Macherey-Nagel, Cat #740709.24) isolation kit
following the manufacturer’s instructions. Elution was performed in two steps. First 75uL of
RNAse-free H>O were used to elute the RNA from the columns. In a second time, 50uL of the
eluted RNA were loaded again to ensure total RNA elution without diluting the samples. RNA
was then aliquoted and stored at -80°C until RT-PCR and nested analysis. Aliquots were kept
for RNA quantification.
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Nested RT-PCR: For RT-PCR, 5uL of RNA and the primers described in [342] were used:
FiloA 5-ATCGGAATTTTTCTTTCTCATT (FW) and FiloB 5’-
ATGTGGTGGGTTATAATAATCACTGACATG (RV) with the SuperScript™ IIl One-Step RT-
PCR System with Platinum™ Taq DNA Polymerase (#12574018, Thermo Fisher). For the
nested PCR, 1pL of the first round RT-PCR was used using the subsequent primers FiloC 5'-
AAAGCATTTCCTAGCAACATGATGG (FW) and FiloD 5-
ATAATAATCACTCACATGCATATAACA (RV). For the RT-PCR and the nested PCR, the
conditions are indicated in Table 3 (A: RT-PCR and B: Nested PCR).

A Temperature Duration Cycles
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TABLE 4. RT- AND NESTED PCR CONDITIONS
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Virus filtration: VeroE6-infected supernatants were prepared in DMEM 3% FBS as previously
described and stored at 4°C until filtration. For filtration, a Planova 35N 0.001m? (AK-bio, Cat
#35NZ-001) filter was used. Before filtrating the infectious supernatants, filters were visually
checked for any defaults and emptied from the water that protects the straw-shaped hollow
fibers. The filters were then washed with ultra-pure water and once with DMEM 0%FBS. Air
bubbles were removed by tapping the filter. Filtrated supernatants were collected directly from
the filter into an empty reservoir. The Planova 35N filter was connected to a peristaltic pump
with a PVDF cable of 2.7mm of diameter and a manometer was used to constantly monitor the
pressure. The speed of the peristaltic pump was adjusted to be sure that the pressure never
exceeded 98 kPa and that the speed was of around 2mL/min. Virus removal was confirmed by
the TCID50 technique.

Platelet preparations and stimulations: Peripheral blood was collected from healthy donors in
endotoxin-free tubes supplemented with 3.2% sodium citrate. All donors were informed and
gave written consent that their blood could be used for non-therapeutic purposes. Platelet-Rich
Plasma (PRP) was prepared by low-speed centrifugation (150xg, 10 minutes, 22°C) and
collected into endotoxin-free Eppendorf tubes. For stimulation, PRP were either left
unstimulated or were incubated with 50ug/mL of thrombin receptor activator peptide (Sigma-
Aldrich, Cat #57152-1MG). For viral stimulation, 50uL of PRP were stimulated with different
amount of either rVSV-GP or VSV Indiana viruses. All incubations were performed at 37°C for
30 minutes. Before flow cytometry analysis, platelets were fixed using Thrombofix™ Platelet
Stabilizer (Beckman-Dickinson, #6607130). Washed platelets were prepared as described in
[341]. PRP was prepared and diluted with Citrate-dextrose anticoagulant solution (Sigma
Aldrich, Cat #C3821-50mL, v/v, 1:5). EDTA was added to a final concentration of 10mM and
the diluted PRP was centrifuged for 5 minutes at 600xg to remove remaining red blood cells.
The supernatant was further centrifuged to pellet platelets for 10 minutes at 1000xg. The pellet
was then resuspended in 500uL of Tyrode’s buffer (Sigma Aldrich, Cat #T2397-500mL) pH6.5
and 9.5mL of Tyrode’s buffer pH7.4. Platelets were centrifuged one last time at 1300xg for 5
minutes and resuspended in Tyrode’s buffer pH 7.4 supplemented with 5mM CaCl..
Stimulation was then performed as previously.
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Introduction

Filoviruses are enveloped, non-segmented, negative-
strand RNA viruses, composed of three genera: Ebola-
virus, Marburgvirusand Cuevavirus (Figure 1) [1-3]. Ebo-
lavirus and Marburgvirusare together the causative agents
of severe disease in human and non-human primates
(NHPs) displaying fatality rates reaching 90% [ 1]
(Table 1). There are currently five known, genetically
distinct species of Ebolavirus — Zaire ebolavirus(EBOV),
Sudan ebolavirus(SUDV), Tai" Forest ebolavirus(TAFV),
Bundibugyo ebolaviru¢BDBV) and the Asian filovirus;
Reston ebolaviru¢RESTV) [ 2]. Almost all human cases
are due to the emergence or re-emergence of EBOV in
Gabon, Republic of the Congo, Democratic Republic of

Congo (DRC), and most recently in West Africa [ 4], and
of SUDV in Sudan and Uganda [ 5] (Table 1).

The increase in the number of outbreaks of Ebola virus
disease (EVD) in Africa since 2000 ( Table 1) has been
postulated to result from increased contact between wild-
life and humans [6]. The ever increasing encroachment of
mankind into previously uninhabited areas will continue
to bring not only humans but also potentially susceptible,
domesticated animals into contact with unknown patho-
gens and their reservoir species [7]. Deforestation and
climate change can also be expected to cause certain
species to modify their geographic and ecological distri-
bution and potentially into greater proximity to human
agricultural exploits or settlements. It appears thus urgent
to better understand both filovirus ecology and the mech-
anisms involved in viral transmission from their natural
hosts and between humans.

Retrospective analysis of human outbreaks since the first
EBOV epidemic in 1976 and intensive studies performed
on animal models have helped to understand both the
nature of EBOV pathology and its transmission. However,
the 2014 outbreak has again shown that a complete
knowledge of EBOV human-to-human transmission
mechanisms is still lacking and is in many cases based
only on retrospective observations rather than empirical
data. Here, focusing on EBOV, we present an overview of
our current understanding of filovirus transmission in
humans. We also summarise our current knowledge con-
cerning the molecular basis of viral transmission and
potential adaptation including that gained from the recent
outbreak, together with our opinions on knowledge gaps
and future directions for research.

Transmission routes

In humans, EBOV has been evidenced either directly or
via detection of viral RNA in a range of bodily fluids
including blood, stool, semen, breast milk and saliva as
well as sweat and tears [8,9]. It is generally accepted that
contact with such fluids/fomites from an infected and
symptomatic, or deceased person is the most likely route
of transmission of EBOV. Other than direct or close
contact with these fluids, transmission routes proposed
for EBOV involve the presence ofi nfectious virus in
fomites, droplets and aerosols [10°°]. Experiments using
NHPs have shown that EBOV is both highly infectious
and contagious [11-13].Evidence from NHP studies
has confirmed viral infection associated with a variety
of administration routes including oral, conjunctival,
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Figure 1
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Phylogenetic relationship for the viral famiy Filoviridae. The family
Filoviridae are enveloped, non-segmented, negative-strand RNA

viruses of the order Mononegavirales , composed of three major
genera: Ebolavirus, Marburgvirus and Cuevavirus . There are currently
five known, genetically distinct species of Ebolavirus — Zaire
ebolavirus (EBOV), Sudan ebolavirus (SUDV), Tai Forest ebolavirus
(TAFV), Bundibugyo ebolavirus (BDBV) and Reston ebolavirus (RESTV).
The genus Marburgvirus comprises one viral species; Marburg
marburgvirus with two current viral members Marburg virus (MARV)
and Ravn virus (RAW). The genus  Cuevavirus currently has one
species member Lloviu cuevavirus (LLOV). 29 filovirus L protein
sequences for the illustrated virus species were obtained from the

ViPR database and aligned using the muscle algorithm. The aligned
sequences served to generate the phylogenetic tree using the

distance method in the Seaview software [ 80]. The scale bar indicates
evolutionary distance between each node.

submucosal and respiratory routes amongst others. Based
on detailed analysis of available data [10°®,14] the trans-
mission routes for EBOV can be summarised as follows.

Direct contact

As stated above, evidence from outbreaks, epidemiologi-
cal data and NHP models have all confirmed direct
contact of an individual with contaminated bodily fluids
from a symptomatic patient or from a disease victim as the
most likely interhuman transmission route. It is interest-
ing to note that recent data from an NHP study using the
West African outbreak EBOV Makona variant suggest
that more natural routes ofi nfection via oral or conjunc-
tiva mucosa may require higher doses of EBOV to pro-
duce disease [13], although further studies are required in
comparison to other EBOV variants to confirm such
observations. Since the recent epidemic however it has
also become clear that sexual transmission of EBOV
presents a certain risk even with patients that are no
longer symptomatic for EVD and this many months after
remission [15,16°%,17,18]. Indeed, infectious EBOV can
be detected in semen of survivors at least up to around
500 days [19,20] and sexual transmission has already been
linked to the start of new chains of transmission [21,22].

Droplet transmission

By common definition [23] droplet transmission is
thought to occur up to a metre from an infected individual
depending on the stability of the virus in question and
specific environmental conditions. Cases of droplet trans-
mission are suspected from epidemiological data for
patients where no direct contact was reported P4]. In
the case of EBOV, the presence of virus in droplets might
arise from a range ofi nfected fluids, including blood,
vomit, saliva or diarrhoea or be produced by coughing or
during medical intervention.

Fomites

Transmission from fomites involves viral deposition on
surfaces that have been in contact with contaminated
secretions including disposed medical waste or corpses
[10°°,14]. Indeed, contamination from disease victims
appears common and has been linked to many cases of
transmission, highlighting funerals and burial practices as
key transmission events [25°]. Viable virus has been
detected on solid surfaces and liquids several days to
several weeks after contamination and infectious virus has
been retrieved from EBOV infected monkeys seven days
after death and RNA detected up to 10 weeks [ 26]. Data
is however often lacking concerning the stability of virus
on surfaces and in secretions not typically associated with
transmission of enveloped RNA viruses, including vomit
and diarrhoea.

Aerosols

Experimental data from NHPs have shown that mechan-
ical aerosolisation of virus particles can cause disease with
even low infectious doses [27] but the relevance of such
findings in a natural setting is unclear [10°°]. Stability
studies would also suggest that aerosolised particles pro-
duced in this way are relatively unstable (loss of 99% of
particles after 100 min at room temperature and humidi-
ty) [28]. As stated above, the majority of transmission
cases arise from direct contact and in outbreak settings
containment is possible without strict precautions against
airborne transmission [10°°,14].

EBOV transmission and molecular potential

for virus adaptation/evolution

Pathogens such as EBOV would appear already intrin-
sically able to break the interspecies barrier and both
the intrahuman and interhuman barriers, allowing the
virus to propagate within the human population. How-
ever, as the specific natural host of Ebolavirus is yet to
be discovered it is difficult to clearly assess whether
EBOV needs any adaptation to successfully infect
humans or other species. Nevertheless, evidence of
EBOV infection has been reported in various wild
species including primates, bats, duikers or domestic
pigs [29-32], and thus far, similarly to Marburgvirus bats
are thought to be the most likely natural reservoir for
this virus [33°].

Current Opinion in Virology 2017, 22:51-58
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Figure 2
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Schematic representation of Ebola virus genome. The 19 kb negative-sense RNA genome of EBOV and its seven genes give rise to the individual

viral structural and non-structural proteins. The central core of the virion is formed by the genomic RNA molecule encapsulated by nucleoprotein

(NP) and linked to viral inner capsid proteins 30 (VP30) and 35 (VP35) and the RNA-dependent RNA polymerase (L), together with VP24 forming

the viral ribonucleoprotein complex (RNP) that is essential for viral transcription, replication and encapsidation. The two remaining viral prote ins,
surface glycoprotein (GP) and VP40 are membrane-associated; VP40 is displayed at the inner surface of the lipid bilayer of the viral envelope and

is linked to the RNP. Through transcriptional RNA editing, three GP gene specific mRNA products are expressed from the GP gene of EBOV,

coding for full-length transmembrane surface GP and the soluble, non-structural proteins sGP and ssGP. Star indicates the position of the GP

gene editing site.

able to evolve more rapidly [44], the whole genome
mutation rate for EBOV Makona now appears to be
comparable with that observed during other EBOV
outbreaks, with a substitution rate estimated at
~1.3 x 1072 nucleotides/site/year [45-48]. Indeed, the
molecular data, as well as the epidemiological analysis
allowing estimation of parameters such as the basic re-
production number RO, so far obtained cannot discrimi-
nate EBOV Makona from previous outbreak variants
[25°,44,52-55]. In general, EBOV Makona would appear
however to have a longer incubation time than most
previous EBOV outbreaks, potentially allowing a longer
period of dissemination from infected persons between
different regions, facilitating propagation of the virus
[25°,44,52].

Although both synonymous and non-synonymous muta-
tions are detected in all viral genes, the most frequent
gene mutations observed during the outbreak were locat-
ed in GP, NP, and L [ 44,45,47,48,49°,56], and interest-
ingly this tendency appears conserved between previous
outbreaks when such data is available [49°,57,58°]. Anal-
ysis of the EBOV Makona GP mucin-like domain
has shown it to be more subject to positive selection in
several studies, with an acquisition of mutations in B and
T cell epitopes [ 50,54,57,58°]. Additionally for GP, a non-
synonymous mutation at amino acid 82 (A82V) appeared
to be selected in a region containing the receptor-binding
domain [47,49°]. Indeed, recent analyses of this A82V
mutation in pseudovirus or reverse genetics systems have
highlighted the role of this mutation in adaptation to a
human host through a certain refining of receptor binding
affinity and associated increase in viral fitness in human
cells [59°°,60,61]. Whilst GP mutations probably reflect
the arms race between the immune system and the virus
or differences in receptor binding affinity [ 57,59°°,60-62],
mutations in NP, VP30, VP35 and L, the four proteins
forming the viral ribonucleoprotein replication complex,
might play a role in viral adaptation in the human popu-
lation in the processes of viral transcription, replication or
encapsidation or in facilitating the interaction of cellular

factors with viral proteins and RNA in a new host envi-
ronment, as already shown for Influenza [63]. For EBOV,
mutations in L have already been speculated to play a role
in both GP editing and viral replication rates [ 64], al-
though experimental evidence for this is currently lack-
ing. Several recent studies based on the genetic analysis
of Makona variants arising during the recent outbreak
have shown that mutations in VP30 and in L [ 65] orin NP
and L [ 59°°] can have implications for virus adaptation
and fitness.

As single mutations often occur at the cost of viral fitness,
which need to be compensated by other co-mutations, it
appears essential to continue to analyse co-occurring
mutations to fully understand viral evolution and adapta-
tion [59°%,65-67]. EBOV co-mutation network analysis
shows strong evidence of selection for GP, NP, L and
VP40, especially for EBOV Makona, with mutations
occurring more frequently in protein interaction domains
[58°]. This study suggests that a still understudied coop-
eration between viral proteins exists and could play a role
in viral adaptation to humans. In addition, several studies
reported serial T > C substitutions in viral genomes, sug-
gested to be due to specific cellular Adenosine Deami-
nase Acting on RNA (ADAR) enzymes [ 45,46,68]. The
role of these substitutions is currently unknown but
ADAR modifications have been shown to be involved
in replication and pathogenesis for several other viruses
including influenza and measles virus and therefore merit
further investigation [69].

Another major discovery of sequence analyses was the low
percentage (~1%) of viral GP gene specific mRNA
encoding for the full-length, transmembrane, surface
GP [44]. In fact Ebolavirus is somewhat unique in this
respect in that synthesis ofi ts surface GP is dependent on
transcriptional RNA editing at a site constituting seven
consecutive U residues (editing site) present within the
GP gene (Figure 2). Direct expression of the GP gene
however results in synthesis of a nonstructural secreted
glycoprotein termed sGP [ 70], which has been proposed
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Table 1
List of Ebolavirus outbreaks (1976 -present day)
Year(s) Country Ebola subtype Reported number Reported Case
of human cases number of  fatality
fatalities rate
August-November 2014 Democratic Republic of the Congo Ebola virus 66 49 74
March 2014 —Present Guinea, Sierra Leone, Liberia and others *  Ebola virus 28616 " 11310° ~70™
November 2012 -January 2013 Uganda Sudan virus 6 3 50
June -November 2012 Democratic Republic of the Congo Bundibugyo virus 36 13 36
June -October 2012 Uganda Sudan virus 11 4 36
May 2011 Uganda Sudan virus 1 1 100
December 2008 -February 2009 Democratic Republic of the Congo Ebola virus 32 15 47
November 2008 Philippines Reston virus 6 (asymptomatic) 0 0
December 2007 -January 2008 Uganda Bundibugyo virus 149 37 25
2007 Democratic Republic of the Congo Ebola virus 264 187 71
2005 Republic of the Congo Ebola virus 12 10 83
2004 Sudan (South Sudan) Sudan virus 17 7 41
November —-December 2003 Republic of the Congo Ebola virus 35 29 83
December 2002 -April 2003 Republic of the Congo Ebola virus 143 128 89
October 2001 -March 2002 Republic of the Congo Ebola virus 57 43 75
October 2001 -March 2002 Gabon Ebola virus 65 53 82
2000-2001 Gulu, Uganda Sudan virus 425 224 53
1996 South Africa Ebola virus 2 1 50
1996 -1997 (July -January) Gabon Ebola virus 60 45 74
1996 (January -April) Gabon Ebola virus 37 21 57
1995 Democratic Republic of the Congo Ebola virus 315 250 81
1994 Céte d'lvoire (Ivory Coast) Tai " Forest virus 1 0 0
1994 Gabon Ebola virus 52 31 60
1989-1990 Philippines Reston virus 3 (asymptomatic) 0 0
1990 USA Reston virus 4 (asymptomatic) 0 0
1979 Sudan (South Sudan) Sudan virus 34 22 65
1977 Ebola Ebola virus 1 1 100
1976 Sudan (South Sudan) Sudan virus 284 151 53
1976 Democratic Republic of the Congo Ebola virus 318 280 88

Adapted from [5,79]

* Includes cases from Guinea, Sierra Leone and Liberia only.
" Estimated.

In terms of susceptibility to infection and species tropism,
filoviruses have one surface glycoprotein (GP) ( Figure 2)
that drives binding and entry of the virus through inter-
action with multiple cellular surface molecules [ 34,35].
The cellular endosomal receptor Niemann-Pick C1
(NPC1) has been identified as playing a key role in the
fusion process through binding the proteolytically-primed
GP. Mapping of the key positions on NPC-1 and EBOV
GP responsible for EBOV tropism shows that these
residues are shared between both susceptible bat and
human cell lines [36°,37]. Such data suggest that EBOV
would not require specific adaptation for successful entry
into human cells. Likewise, molecular studies performed
on human macrophages and aMarburgvirus bat isolate
suggest that no further adaptation is necessary for spill-
over from bats to the human population B8]. In rodent
models however, Ebolavirus infection with wild-type
EBOV virus results in an asymptomatic illness [ 39-41].
Importantly, sequential passaging of wild-type virus in
these small animal models can lead to the generation of
highly pathogenic variants of the virus that display muta-
tions in three viral genes: polymerase (L), nucleoprotein

(NP) and viral protein VP24, when compared to the

initial, wild-type viral sequence [ 40,42,43]. By generating

recombinant viruses containing different combinations of
these mutations, it was subsequently shown that a single
mutation in VP24 was sufficient for the virus to acquire

virulence in Guinea pigs [ 40,42]. Similarly, an adapted

EBOV strain containing mutations in VP24 and NP genes

is lethal in immunocompetent mice and hamsters [39,40].

The recent epidemic is the first time that such an out-
break has been described in terms of the genetic evolu-
tion of the viral genome over the course of an epidemic.
Systematic deep sequencing of EBOV positive patients
has thus provided new insights into viral spread and
transmission chains [4,44-48,49°]. The extent of the
2014 West Africa outbreak lead to numerous concerns
about the ability of the EBOV Makona variant to evolve
in terms of pathogenicity and/or transmissibility in the
human population [44,50]. The emergence of variants
with a lower pathogenicity was also feared; as such viruses
can potentially establish a long-term endemic presence of
the virus in afflicted countries [ 51]. Initially thought to be
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to participate in the immune evasion of EBOV by cap-
turing certain antibodies directed against GP [71]. Early
reports based on cell culture experiments had indicated a
figure of around 1:4 for the ratio of surface GP versus sGP
transcripts [70,72]. Discovery of a much lower percentage
in patients during the outbreak corroborates recent find-
ings indicating that the editing site is also a transcription
termination signal and highlights the necessity for a
productive viral cycle to minimize surface GP expression,
as recently demonstrated [73,74]. Interestingly, these
observations resemble those seen in experimental animal
models of adaptation in which it was demonstrated that
control over surface GP expression is also exerted at the
GP editing site at the genomic level [ 75,76]. On the other
hand, the maintenance of the wild-type editing site may
indicate that a well-balanced, rationally minimal expres-
sion of surface GP vs. synthesis of secreted sGP offers a
selective advantage and that this feature is an essential
element in the replication and spread of EBOV, playing a
role in viral pathogenicity and in counteracting the im-
mune system [71,73,77]. In keeping with this idea,
another mutation hotspot that was identified during the
2014 outbreak is near the GP tumour necrosis factor-alpha
converting enzyme (TACE) cleavage site (Q638R/L)
[49°]. This cleavage site is responsible for an additional
decrease in expressed membrane-bound GP via its re-
moval from the cell surface as a shed form that is proposed
to play a role in virus dissemination and pathogenesis
[77,78]. However, the biological significance of this mu-
tation remains to be tested.

Conclusions and areas for future study

Coupled with data from animal models, the outbreak in
West Africa has again highlighted the importance of
contact with bodily fluids for a successful transmission.
However, further characterisation of which fluids are most
likely to lead to infection needs to be performed in terms
of virus loads and survival rates. In the same vein there is
currently very little experimental data on how the virus
physically penetrates into the body. Likewise the relative
impact and risk associated with the potential of sexual
transmission of EBOV should be thoroughly investigated.
Based on everything that we have learnt concerning the
genomics of the latest outbreak it will be vital to continue
to perform molecular studies to assess the importance of
the various mutations and polymorphisms consistently
detected from epidemiological data in terms of their
impact on virus immune escape, receptor binding affini-
ties, pathogenicity and transmissibility. In light of recent
molecular data based on 2014 EBOV outbreak isolates
[59°°,60,61,65], it will be ofi nterest to further study and to
model such mutations through consecutive passages of
initial/early outbreak variants in human cells. It also
remains to be seen whether adaptation mutations seen
over the course of an outbreak can be in some way
preserved, given the unprecedented scale of the epidemic

Human transmission of Ebola virus Lawrence etal. 55

and multiple contacts between infected patients, disease
victims and the environment.

A surprising feature of some of the recent outbreaks has
been the appearance of Ebolavirus species in new loca-
tions, including BDBV in DRC and more recently and
more devastatingly, EBOV in West Africa [ 4]. In this
respect it seems vital that future studies cover the identi-
fication of risk factors linked to the emergence of zoonotic
pathogens and include continuing studies of the molecular
basis of transmission events that allow such breaches of the
animal to human species barrier or that promote efficient
human-to-human transfer. Although we are just beginning
to understand filovirus ecology, it seems clear given the
absence of any current vaccine or proven treatment for
EVD and the difficulty in containing outbreaks in coun-
tries where access to adapted medical and containment
facilities is rare, that for the moment any increased under-
standing of filovirus ecology and surveillance may help to
minimize the risk off uture outbreaks.
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ANNEXES

rVSV-GP-HS AS A TOOL TO INVESTIGATE THE ROLE OF GP1,2a IN INNATE
IMMUNITY AND COAGULATION DISORDERS

EBOV shed GP was shown to be able to bind and to activate monocytes-derived dendritic cells
and monocytes-derived macrophages that in response released anti- and pro-inflammatory
mediators [131]. However, GP2, production through transfection is laborious, expensive and
time-consuming and requires concentrating the cell culture supernatant using protein
concentrators [131]. In this part, we aimed to use the rVSV-GP-HS virus as a platform for
GP1 24 production to be able to obtain a reliable source of Shed GP to further characterise its
role in immune dysregulations.

To study the role of GP1 2, it is necessary to be able to remove the remaining infectious viral
particles from the cell culture supernatant. The difference between the virion-bound GP; and
GP24 is of only 13 amino acids. It is therefore, impossible to purify GP124 using EBOV GP
antibodies. As a consequence, several viral removal methods were tried to be able to remove
the infectious virus to obtain a virus-free GP1 2.

In a first time, a multiple steps approach that involved the infectious supernatant to be
ultracentrifuged and ultrafiltrated was attempted to try completely remove the rVSV-GP-HS
virus (Fig. 53A, upper part). For each step, supernatants were titrated by the TCID50 technique
(Fig. 53B, lower part). After ultracentrifugation, the amount of residual virus in the
ultracentrifuged supernatant was titrated at 1.58x10° TCID50/mL. To further remove the
residual amount of viruses, ultrafiltration centrifugal columns with a polyethersulfone
membrane with a specific molecular weight (MW) cut-off (MWCO) were used. VSV MW is
superior to 1 MkDa while GP2x MW is around 350 kDa. When passing the ultracentrifuged
supernatant on an ultrafiltration columns with a MWCO of 1000 kDa, the virus should be
retained in the upper chamber of the column whereas the viral glycoprotein should be able to
pass the polyethersulfone membrane [358]. However, as shown in Fig. 53B, in this setup, the
viral titer in the supposed virus free flow through, was of 3.74x10* TCID50/mL, indicating that
a virus logarithmic reduction value (LRV) of 1 was achieved. Passing the ultrafiltrated
supernatant on a second 1000 kDa MWCO column did not improve viral removal (Fig. 53B,
2.81x10% LRV < 1). When the two time ultrafiltrated supernatant was passed on a 300 kDa
ultrafiltration centrifugal columns, the vast majority of the infectious virus was retained in the
upper chamber that titrated at 1.19x10* TCID50/mL while in the flow through the titer was of
1.19x10". This shows that using a 300 kDa MWCO, it was possible to obtain a LRV of 3 (see
point ‘Flow Through Column 300 kDa’ to compare to ‘Concentrated SPNT 300 kDa’). However,
while proteins levels were similar after ultracentrifugation and the passages on the different
1000 kDa MWCO columns, with the 300 kDa MWCO column a non-negligible amount of GP;
was retained in the upper chamber as observed by GP;, decreased levels in the western-blot
analysis (data not shown).
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FIGURE 53. RVSV-GP ULTRAFILTRATION

rVSV-GP-HS infected cells supernatant was ultracentrifugerd for 2 hours, 28000 rpm (rotor SW32), on a 20% cushion sucrose.
This ultracentrifuged supernatant (SPNT) was then loaded on an ultrafiltration column with a molecular weight cut off
(MWCO) value of 10000 kDa and ultrafiltrated by centrifugation. The flow-through 1 was collected and passed on a second
ultrafiltration column with a MWCO of 1000 kDa. Finally, the flow-through 2 was passed on a 300 kDa MCWO ultrafiltration
column to concentrate the soluble viral glycoproteins (A). The ultracentrifuged supernatant, all flow-throughs and the
concentrated supernatant were all titrated by TCID50 and the results are shown (B). The number above each point represents
the infectious titration obtained.
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Considering that it was not possible to entirely remove the virus using ultrafiltration columns
we decided to perform nanofiltration using the Planova™ 35N virus removal filter that is made
of cuprammonium-regenerated cellulose hollow fibres with pore size of 35 nm, that allows to
retain any viruses with a size > 35 nm such as VSV (Fig. 54A).

In this respect, VeroE6 cells were infected with rVSV-GP-HS at a MOI of 0.01 and 48 hours
post infection, the supernatant was collected and clarified by low speed centrifugation. Fifty
mL of clarified supernatants were then passed onto the virus removal filter. Western-blotting
analysis showed that before nanofiltration, two GP» bands are visible: The virion-bound GP»
and the soluble truncated GP2a. Following nandfiltration, only the GP2x band was detected
indicating that a significant amount of rVSV-GP-HS viruses were removed to a point where
that it cannot be detected anymore by western-blotting (Fig. 54B, left panel). However, signal
quantification showed that at least half of the initial amounts of GP2, were retained in the filter
(Fig. 54B, right panel, and see GP2, levels in grey, before and after nanofiltration). Virus
removal was then confirmed by TCID50. In the initial product, the titre was of 2.87x10’
TCID50/mL whereas after nanofiltration the infectious titre was lower than our detection limit,
which is of 1.25x10° TCID50/mL, demonstrating a logarithmic reduction value of >7.33 (Fig.
54C). Similar results were obtained with cells infected with VSV Indiana (data not shown).
Western-blotting quantification showed that after nanofilitration, the concentration of GP2, was
of 5ug/mL. Of interest, this showed that it was possible to obtain 5 times more GP1 25 than what
was obtained by Escudero-Pérez B et al. (2014), without the need to concentrate the cell
culture media (Fig. 54D) [131].
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FIGURE 54. RVSV-GP NANOFILTRATION

rVSV-GP-HS supernatant was clarified by low-speed centrifugation and then nanofiltrated using a Planova™ 35N
0.001m2 filter (A). The presence of GP1,2a was verified before and after nanofiltration by western-blotting using rabbit
sera recognising GP1 and GP2 (B). Virus removal was confirmed by TCID50 (C) and the amount of GP2a was quantified

as before (D) [126]

Consequently, we were able to entirely remove the virus from of infectious supernatant
through nanofiltration allowing to obtain a reliable and inexpensive source of GP1 2, for

further functional studies.
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PLATELET ACTIVATION BY rVSV-GP AND VSV

Platelets are megakaryocytes-derived cell fragments and the second most abundant cell
population in the blood, with about 2x10® platelets/mL of blood. They play a key role in
maintaining haemostasis by rapidly detecting vessel integrity damages. In response, platelets
bind to the damaged vessel wall and undergo a strong structural reorganisation that will lead
to the recruitment of other platelets and immune cells, through the release of their intracellular
stored granule contents in the bloodstream, and the initiation of the primary hemostasis to
allow wound healing. In the last decades, it has been shown that in addition to control primary
hemostasis, platelets were able to modulate the inflammatory response, either directly or by
interacting with other components of the immune response pathways. Indeed, it was shown
that platelets possess TLR, including TLR-4, as well as other receptors that are used as viral
attachment factors, such as DC-SIGN or CLEC-2 [359-363]. Additionally, both HIV and DENV
were shown to be able to be internalised inside of activated platelets [364,365]. Upon
activation, platelets will typically form aggregates with other platelets to create a platelet plug
but can also interact with resting or activated monocytes, and modulate their activity. Indeed,
activated monocytes, by upregulating TF, are able to bind platelets that will decrypt TF present
on the monocyte plasma membranes to render it active [366].

Thrombocytopenia is a hallmark of EBOV infection in human and NHP which is observed at
the early stages of the infection and that is accompanied by the release of platelet-derived
mediators such as sCD40L indicating that during the course of the disease, platelets are
activated [74,182,216,220]. However, so far, it is not known whether this platelet activation is
due to a direct interaction between the virus and its different glycoproteins with platelets or if
this is the result of the dysregulated inflammatory response. Interestingly, a thrombocytopenia
has been observed in patients vaccinated with the rVSV-GP-based vaccine and as such, we
decided to use the virus to try to investigate the role of the viral glycoprotein in the activation
of platelets during EBOV infections.

Platelets are very easily activated by different stimulants, including storage temperature and
time, but also by the presence of different cell media culture components such as phenol red.
Therefore, it was first necessary to identify which cell culture media would be best for the study
of platelet activation. In this respect, platelet-rich plasma (PRP) was prepared by low speed
centrifugation from blood tubes obtained from healthy donors. PRP are commonly used to
study the induction of platelet as it 99.9% free of red and white blood cells and that it has all
plasma factors that can support platelet activation [367]. PRP were then diluted with different
cell culture media containing either phenol red and or/FBS and incubated for 30 minutes at
37°C (Fig. 55A). The thrombin-receptor activating peptide (TRAP) was used as a positive
control and for negative control, platelets were left unstimulated. PRP activation was then
monitored by flow cytometry by gating platelets using the platelet-specific marker CD41a and
by following the upregulation of the gold standard marker of activation, CD62P (P-Selectin)
(Fig. 55B). CD41a and CD62P limit of positivity was set up using appropriate isotype controls.
As expected, following TRAP stimulation, 80% of the platelets were CD62P+, while less than
5% of the unstimulated platelets were CD41a+/CD62P+. When stimulated with the different
cell media, platelets were maintained in a resting state with all media tested, until a certain
dilution. Indeed, after diluting platelets more than 5 times (1:5 ratio compared to 1:1 ratio), at
the exception of the Hank’s Balanced Salt Solution (HBSS) buffer and the Phosphate buffer
solution (PBS), all media (with or without phenol red and/or FBS) induced platelet activation
and aggregation (noted by a + in the figure).
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Schematical representation of the protocol used to obtain PRP from healthy blood donors (A). PRP activation by
cellular media containing or no phenol red or FBS were evaluated by flow cytometry by measuring the
upregulation of CD62P+ of CD41a* positive cells. FBS: Fetal bovine serum
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In parallel to PRP stimulation, it is common to study the role of plasma proteins in controlling
platelet activation. In this respect, it is possible to wash plasma away from platelets to obtain
so called ‘washed platelets’ through different centrifugation steps (Fig. 56A). For each step that
leads to the obtention of washed platelets, their activation was monitored as before (Fig. 56B).
Unsurprisingly and as also noticed by others, all washing steps lead to platelet activation, with
about 35% of the total platelets which were activated at the end of the washing process (Fig.
56B, ‘PRP’ condition compare to ‘Washed PLT’ condition).
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FIGURE 56. ANALYSIS OF WASHED PLATELETS ACTIVATION

Protocol for washing platelets from plasma (A). Following obtention of the Platelet-Rrich Plasma (PRP), red blood cells
(RBC) were pelleted by centrifugation. The platelets in the PRP were then pelleted and washed twice. For each steps
leading that lead to the obtention of the washed platelets, CD62P upregulation was analysed by flow cytometry.

Considering the high concentration of platelets in PRP compared to what is present in whole
blood (2.6x10%/uL 3.x10%/uL platelets, respectively) and the results obtained previously, that
suggest that PRP can be diluted only until a certain point (Fig. 53), concentrated VSV and
rVSV-GP stocks were produced to ensure to be able to observe an effect following stimulation.
VeroE6 cells were either infected with VSV (strain Indiana) or rVSV-GP viruses and the
supernatants were collected when cytopathic effects were evident. Viruses were then pelleted
by ultracentrifugation and concentrated in PBS and both viruses were titrated and different
virus dilutions were loaded and analysed by western-blotting using anti-VSV M monoclonal
antibody to quantify the amount of total viral particles. As observed in Fig. 56, comparable
levels of M protein were obtained between the undiluted VSV virus and the rVSV-GP viruses
that was diluted 5 times (Fig. 56, ‘Dilution factor 1’, row VSV compared to ‘Dilution factor 0.2’,
row rVSV-GP). A similar result was observed with the infectious titers, with VSV that titrated at
1x10° TCID50/mL against 8x10° TCID50/mL for rVSV-GP, confirming that it exists a difference
of about 5 to 8 times between the stocks of rVSV-GP and VSV viruses.

Dilution Factor

1 0.5 0.2

T s | vsv (1x10° TCID50/mL)

Q rVSV-GP (8x10° TCID50/mL)
P —

FIGURE 57. VIRUS PRODUCTION FOR PLATELET STIMULATION

Supernatants from VeroE6 cells infected with rVSV-GP or VSV were collected and clarified from dead cells and debris by
low speed centrifugation. The viruses were then pelleted as before and resuspended and concentrated in PBS 1X, with

No CA2+ and no Mg2+. Samples were analysed by western-blotting and the amount of VSV protein M were detected. The
titers of the undiluted viruses are indicated.
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After PRP and washed platelets obtention, platelets were either left unstimulated or challenged
with TRAP or different amount of viruses for 30 minutes, at 37°C. Platelet activation was
measured similarly to before and the cytometry results obtained for one donor are shown Fig.
58A. Expectedly, CD62P+ levels were around 2 to 3% when PRP were stimulated with PBS
whereas following TRAP treatment, a marked increase in P-selectin expression was observed
(Fig. 57A, ‘PRP’ conditions ‘PBS and ‘TRAP’, CD62P+: 9.54% and 57.9% respectively). On
the opposite, PRP stimulated with either VSV or rVSV-GP showed no difference compared to
the unstimulated control (Fig. 58A, ‘PRP’, ‘VSV’ and ‘rVSV-GP’, compared to ‘PBS’). After
plasma removal (‘Washed PLT’) and as observed before, a significant increase in CD62P
levels was observed, which lead to a reduced capacity of TRAP to activate washed platelets
(Fig. 58A, ‘Washed PLT’, see ‘PBS’ and ‘TRAP’ conditions, as well as Fig. 56B, for washed
platelet activation). Surprisingly, similarly to platelets stimulated with VSV, washed platelets
challenged with rVSV-GP showed no upregulation of CD62P levels. However, they displayed
a strong downregulation of the CD41a maker (Fig. 58A, ‘Washed PLT’, ‘rVSV-GP’. Of note,
this CD41a- population showed similar CD62P levels than the CD41a+ population. Similar
results were obtained for different donors (Fig. 58B).
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FIGURE 58. PRP AND WASHED PLATELETS STIMULATION WITH rVSV-GP AND VSV

PRP and washed platelets were obtained as described previously and were stimulated for 30 minutes at 37°C, with equal
amounts of rVSV-GP and VSV, or were treated with PBS or TRAP as controls. Samples were then fixed and analysed by flow
cytometry using the CD41a and CD62P markers. Isotype controls were used to set up the limit of positivity of the different
markers and a representative flow cytometry results is presented in (A). In (B) are plotted the results for 5 independent
donors. Left panel is showing the % of CED41a+CD62P+ and the right panel the % of CD41a-CD62P+ events.

To understand if this effect was specific to rVSV-GP or if it was due to a larger amount of rVSV-
GP viral particles, washed platelets were prepared and either stimulated with a fixed amount
of rVSV-GP or with an increasing amount of VSV Indiana and analysed as before (Fig. 58). In
the analysis, the CD42b marker was also included to see if the observed CD41a
downregulation was specific or if other membrane proteins were downregulated upon rVSV-
GP stimulation. As it was observed before, platelets showed an important activation following
washing and while they could still respond to TRAP, this effect was limited (Fig. 59, left panel,
‘PBS’ and ‘TRAP’). Following rVSV-GP stimulation, the apparition of this CD41a population
was observed again (Fig. 59, left panel, rVSV-GP’). Of interest, washed platelets that were
incubated with increasing amount of VSV responded similarly to rVSV-GP stimulation (Fig. 59,
left panel, ‘'VSV’; VSV 5X’ and VSV 10X’). Indeed, when platelets were stimulated with the
same amount of viral particles than rVSV-GP, the same amount of CD41a- platelets were
detected (Fig. 59, left panel ‘VSV 5X’, compared to ‘rVSV-GP). In addition, by stimulating the
platelets with twice the amount of rVSV-GP particles (Fig. 59, left panel ‘VSV 10X’), it was
possible to increase the proportion of this CD41a- population from 13% to 18%. Furthermore,
analysis using the CD42b marker, showed that this platelet population is also CD42b-,
suggesting that another surface glycoprotein could be downregulated.
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FIGURE 59. PLATELET ACTIVATION FOLLOWING STIMULATION WITH DIFFERENT AMOUNT OF VSV

Washed platelets were obtained and stimulated with different amounts of VSV (5 times: 5X, 10 times: 10X, in comparison
to rVSV-GP amount). VSV-stimulated platelet activation was then investigated and compared to rVSV-GP stimulation using
CD41a, CD42b and CD62P staining. Similar results were obtained for three independent donors.

While our results show that the observed CD41a and CD42b downregulation is not GP »-
dependant but appears to be a general response to the viral stimulation, it is to our
knowledge, the first time that such population was identified and further studies are
required to understand its role in viral infection. However, it already appears that plasma
proteins are able to control this population apparition.
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Molecular characterisation of the recombinant Vesicular Stomatitis
Virus-ZEBOV-GP virus, prototype vaccine against Ebola virus

Abstract

The filovirus Ebolavirus (EBOV) is the causative agent of severe viral haemorrhagic
fevers in humans that can be lethal in 90% of cases. The current outbreak in the
Democratic Republic of Congo and the extraordinary scale of the 2014-2016 outbreak in
West Africa, that caused the death of more than 11 000 disease victims, lead the
international public health agencies to test several therapeutic approaches to limit viral
spreading and mortality. Amongst those, the recombinant replication-competent rVSV-
ZEBOV virus, that expressed EBOV GP glycoprotein, appears to offer the best
protection in animal models and outbreak settings. While its effectiveness and safety
have been widely investigated before human trials and despite numerous studies that
showed the importance the nature of the glycoproteins which are produced during the
infection from the EBOV GP gene that has been inserted in VSV genome are unknown.
In this respect, the molecular characterisation of the viral glycoproteins synthesised
during rVSV-GP presented in this thesis, offer new insights with which to understand
the success of the rVSV-GP vaccine but also the potential viral origins of the severe
adverse side effects observed during vaccination and could help in developing a safer
vaccine, which currently cannot be used in an immunocompromised population.

Keywords: Ebolavirus, rVSV-ZEBOV, vaccine, glycosylations, R. aegyptiacus, Marburgvirus
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