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A B S T R A C T

Ebolaviruses are negative strand RNA viruses which are known to cause
Ebola virus disease (EVD) with a fatal outcome in primates. All five species
of Ebolavirus can infect humans, but only four lead to EVD. The Ebolavirus
with the most provoked outbreaks and highest fatality rate (above 80%) is
Zaire ebolavirus (EBOV), while the one without any provoke symptoms in
humans is Reston ebolavirus (RESTV). In order to determine the features
which lead to the different outcomes from EBOV and RESTV the cellular
response against these viruses, and the divergence between RESTV and
EBOV life cycle inside human cells was investigated. To study the cellu-
lar response RNA of two human cell lines (HuH7 and THP1) infected with
RESTV, EBOV and uninfected (Mock) at two different time points was ana-
lyzed. Using whole transcriptome screening with smallRNAseq, Microarray,
de novo annotation and expression profiles it was possible to elucidate that
the cellular response against RESTV and EBOV infection differs the most at
3 h p.i., this was consistent in HuH7 and THP1 cell lines. The transcriptomic
study showed RESTV and EBOV stimulate a distinct set of genes related
to cellular entry. Also, the transcriptomic data suggests EBOV transcribes
and replicates faster than RESTV, supported by cellular components like
snoRNAs, while RESTV is similar to Mock in this aspect. This finding was
backed with an entry assay which showed EBOV releases its content into
the cytosol faster than RESTV, pointing to differences in entry pathway or a
better time controlled response from the cell against RESTV. To understand
the life cycle of RESTV and EBOV in human cells transcription/replication,
inclusion bodies, nucleocapsid (NC) transport, viral particle formation, and
infection was studied. Selected genes which were differentially expressed
between RESTV and EBOV infected cells were further analyzed on the virus
life cycle context. Evaluation of different steps in the viral replication cycle
revealed no clear difference between RESTV and EBOV, but in the formation
and composition of the produced viral particles where it was found a differ-
ent viral protein ratio. It was also observed RESTV NP amino acid sequence
differences with EBOV could already limit protein-protein interactions, ex-
plaining the viral life cycle disruption found when EBOV VP35 and EBOV
VP40 are combined with RESTV NP. This points to RESTV NP being the
limiting factor for the virus to have the same success in humans as EBOV.
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Furthermore, it was found that the miRNA miR-204 is up-regulated 3 h p.i.
only in RESTV infected cells. Over-expression of miR-204 in the presence of
EBOV components caused similar effects observed in RESTV life cycle, like
reduced incorporation of NP into new viral particles and a reduced tran-
scription/replication. This could be explained with miR-204 over-expression
altered NP inclusion bodies morphology, which would affect viral transcrip-
tion/replication. Taken together, these results suggest the viral protein NP
and its cellular interactions are the main difference in the pathogenicity be-
tween RESTV and EBOV. In addition, miR-204 negatively affects the life
cycle of the virus by disrupting its propagation and limiting the possibility
of further infections. However, it needs to be further explored what triggers
miR-204 at such an early time post infection and the target genes of this
miRNA which could affect the virus life cycle. To conclude, this study pro-
poses the differences between RESTV and EBOV outcome in humans is due
to a combination of intrinsic and cellular factors. Finally, a further explo-
ration of NP interactome and miR-204 can lead to a better understanding to
fight EVD.

Z U S A M M E N FA S S U N G

Ebolaviren sind Negativstrang-RNA-Viren von denen bekannt ist, dass sie
eine Ebola-Virus-Krankheit (EVD) verursachen, welche für Primaten oft töd-
lich endet. Alle fünf Arten des Ebolaviruses können Menschen infizieren,
wobei aber nur vier zu EVD führen. Das Ebolavirus mit den häufigsten In-
fektionen und der höchsten Todesrate (über 80%) ist das Zaire-Ebolavirus
(EBOV), während hingegen das Reston-Ebolavirus (RESTV) keine Sympto-
me beim Menschen auslöst. Um die Eigenschaften zu bestimmen, welche
zu diesen unterschiedlichen Verhalten von EBOV und RESTV führen, wur-
de die zelluläre Antwort gegen diese Viren, und der Unterschied zwischen
den "Lebenszyklen"von RESTV und EBOV in menschlichen Zellen unter-
sucht. Zur Untersuchung der zellulären RNA-Antwort wurden zwei mensch-
liche Zelllinien (HuH7 und THP1) zu zwei verschiedenen Zeitpunkten un-
ter verschiedenen Bedingungen analysiert: infiziert mit RESTV oder EBOV
und eine nicht infizierte Kontrollgruppe (Mock). Unter Verwendung des ge-
samten Transkriptom-Screenings mit smallRNAseq-, Microarray-, de novo -
Annotationen und Expressionsprofilen konnte aufgeklärt werden, dass sich
die zelluläre Antwort gegen RESTV- und EBOV-Infektionen am stärksten bei
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3 h p.i. unterscheidet, sowohl in HuH7 als auch in THP1-Zelllinien. Die tran-
skriptomische Studie zeigte, dass RESTV und EBOV eine bestimmte Menge
von Genen stimuliert, die in Zusammenhang mit dem Zelleintritt stehen.
Die transkriptomischen Daten legen auch nahe, dass EBOV schneller als
RESTV transkribiert und sich repliziert, unterstützt durch zelluläre Kompo-
nenten wie snoRNAs. In diesem Aspekt verhält sich RESTV ähnlich dem
Mock. Diese Entdeckung wird durch ein Eintrittsassay gestützt, welches
zeigte, dass EBOV seinen Inhalt schneller als RESTV in das Cytosol abgibt,
was auf Unterschiede im Eintrittsweg oder eine bessere zeitgesteuerte Reak-
tion der Zelle gegen RESTV hinweist. Um den "Lebenszyklus"von RESTV
und EBOV bei der Transkription/Replikation menschlicher Zellen zu ver-
stehen, wurden Einschlusskörperchen, Nucleocapsid (NC) Transporte, Bil-
dung viraler Partikel und Infektionen untersucht. Im Hinblick auf den "Le-
benszyklus"des Viruses wurden ausgewählte Gene weiter analysiert, welche
zwischen RESTV- und EBOV-infizierten Zellen unterschiedlich exprimiert
wurden. Die Auswertung verschiedener Phasen im viralen Replikationszy-
klus ergab keinen signifikanten Unterschied zwischen RESTV und EBOV.
Bei der Bildung und Zusammensetzung der produzierten viralen Partikel
hingegen konnte ein unterschiedliches virales Proteinverhältnis festgestellt
wurde. Weiterhin wurde beobachtet, dass Aminosäuresequenzunterschiede
zwischen RESTV NP und EBOV bereits Protein-Protein-Wechselwirkungen
begrenzen könnten, was die Störung im viralen "Lebenszyklusërklärt, wel-
che auftritt, wenn EBOV VP35 und EBOV VP40 mit RESTV NP kombiniert
wird. Dies deutet darauf hin, dass RESTV NP der limitierende Faktor ist um
beim Menschen den gleichen Erfolg zu erzielen wie EBOV. Zudem wurde
gefunden, dass die miRNA miR-204 3 h p.i lediglich in RESTV-infizierten
Zellen hochreguliert ist. Eine Überexpression von miR-204 in Gegenwart
von EBOV-Komponenten verursachte ähnliche Effekte, welche im RESTV
"Lebenszyklus"beobachtet werden konnte; wie zum Beispiel eine verringer-
te Inkorporation von NP in neue Viruspartikel oder eine verringerte Tran-
skription/Replikation. Dies könnte mit einer durch miR-204-Überexpression
veränderten Morphologie der NP-Einschlusskörperchen erklärt werden, die
die virale Transkription/Replikation beeinflussen würde. Zusammengenom-
men legen diese Ergebnisse nahe, dass das virale Protein NP und seine zel-
lulären Wechselwirkungen den Hauptunterschied in der Pathogenität zwi-
schen RESTV und EBOV darstellen. Darüber hinaus beeinflusst miR-204 den
"Lebenszyklus"des Virus negativ, wobei es seine Vermehrung stört und da-
durch und die Möglichkeit weiterer Infektionen einschränkt. Es muss jedoch
weiter untersucht werden, was miR-204 zu einem so frühen Zeitpunkt nach
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einer Infektion auslöst und welche Zielgene dieser miRNA den "Lebens-
zyklus"des Virus beeinflussen könnten. Zusammenfassend lässt sich sagen,
dass die Unterschiede zwischen den Ergebnissen der RESTV und EBOV Stu-
dien mit menschlchen Zellen auf eine Kombination von intrinsischen und
zellulären Faktoren zurückzuführen sind. Schließlich kann eine tiefere Un-
tersuchung des NP-Interaktoms und miR-204 zu einem besseren Verständnis
der Bekämpfung von EVD führen.
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1
I N T R O D U C T I O N

Ebolaviruses are known to cause ebola virus disease (EVD) which
affects primates including humans with high fatality rates. Zaire
ebolavirus (EBOV) has caused the highest amount of outbreaks and
deaths since the discovery of the disease. Reston ebolavirus (RESTV),
was discovered later than EBOV, and was found to infect humans but
without causing them any symptoms. The current thesis explores all
the possible comparisons between EBOV and RESTV including: life
cycle, from infection to particle formation; intrinsic and functional
protein divergence; differences on the cellular response towards both
viruses at different times after infection; and to evaluate regulated
genes which could explain the contrasting outcome of both viruses
on humans. The aim is to use this knowledge to improve the under-
standing of EBOV and RESTV pathogenicity and to expose targets for
the control of EVD.

Ebola virus disease (EVD) is caused by Ebolaviruses and provokes severe
infection in primates which can lead to severe fever and death. EVD was
discovered in 1976 after two simultaneous outbreaks in Central Africa. The
first outbreak was in Sudan and registered a fatality rate of 53 % with Sudan
ebolavirus (SUDV) being the causative agent. The second outbreak was in
the Democratic Republic of Congo with an 88 % fatality rate and was caused
by Zaire ebolavirus (EBOV). In 1989 a virus was discovered in Cynomolgus
macaques. The virus caused hemorrhagic fever symptoms with a high fatality
rate, but did not cause symptoms in humans. This virus was named Reston
ebolavirus (RESTV) [1, 2]. Humans can get infected by all ebolavirus species
and the fatality rate varies from 0 % to 90 % [3]. This means ebolavirus con-
tains species which represent the extremes of human pathogenicity. Since
EVD discovery there have been reports of ebolaviruses almost every year.
SUDV and EBOV are the cause of most of the reported cases. In 2014 the
largest outbreak of EVD was reported with more than 28,000 confirmed
cases and was caused by EBOV [2]. EVD has an incubation period of 2 to
21 days, and it starts with symptoms of a cold and can be mistaken for in-
fluenza or malaria. The development of the disease to fatal cases or survival
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depends on the clinical care and the immune system of the patient. However,
there is not a licensed treatment to combat EVD and the outbreaks are get-
ting more common, even one ongoing, and the fatality rates are above 40 %
[2, 4, 5]. Altogether, there is a need to understand better the ebolaviruses in
order to fight them properly.

1.1 Ebolavirus

Filoviruses are single-stranded, negative-sense RNA viruses. Three genera
are known to belong to the family Filoviridae: Cuevavirus, Marburgvirus, and
Ebolavirus [6]. The genus Ebolavirus comprises five species: Bundibugyo
ebolavirus (BDBV), RESTV, SUDV, TaïForest ebolavirus (TAFV) and EBOV
[6, 7]. RESTV is the only Ebolavirus species which is known to infect humans
without causing symptoms, in contrast with other non-human primates. [8].

1.1.1 Viral morphology and protein function

Ebolaviruses have a filamentous shape, as the name Filovirus implies, but
can also form a six-like and a donut-like shape. The viral particle has a rela-
tively constant width of 80 nm, and a variety of length between 10-13 um [9].
The Ebolavirus genome is ca. 19 Kb, it contains seven non-consecutive open
reading frames (ORFs), and it is bordered by 3’ and 5’ secondary structures.
The ORFs are located in the genome in the following order: the nucleopro-
tein (NP), the viral protein 35 (VP35), VP40, glycoprotein (GP), VP30, VP24
and the polymerase (L) [10, 11]. The particle is formed by GP attached to
a host derived membrane which has also attached VP40 in the inner side;
Inside the viral particle is the nucleocapsid (NC), which is the viral genome
encapsidated by NP, VP35 and VP24, VP30 and L [12].

EBOV proteins have been better studied than those of other sister species,
and their main functions established. Here are presented the roles directly
related to the virus life cycle. NP is essential for transcription/replication,
NC assembly and transport, and subsequent infections due to its role as the
envelope of the viral RNA. VP35, as NP, is necessary for transcription/repli-
cation and NC transport, and also has known effects in the infected cells.
VP40 is a protein which assembles in different homo-polymers: not all its
forms are understood; it is responsible for the formation of the filamentous
particles (assembly and budding); and is one of the main components of the
viral matrix. GP surrounds all the outer filamentous particle. It is known to
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be the first contact with the surface of the target cell, and its cleavage is nec-
essary for the release of the filamentous content into the cytosol. GP’s ORF
codifies three forms: full length GP, soluble GP and small soluble GP. The dif-
ferent forms of GP are produced by L editing, and have different roles in the
life cycle of the virus. VP30 is a co-factor of viral transcription/replication,
and it is suggested to be the switch between transcription and replication.
L is the RNA dependent polymerase, which is in charge of the viral tran-
scription/replication with NP and VP35. VP24 is also known as a matrix
component. It seems to compress the NC and is necessary for the NC move-
ment. VP24 also seems to promote NC incorporation into the viral particles
via VP40 interaction. VP24 has cellular roles which help EBOV establish the
infection. It is interesting to mention that VP35, VP30 and VP40 seem to dis-
rupt the RNA interference (RNAi) machinery, due to their ability of RNA
binding, but the implication in the viral life cycle is not known [11, 13].

1.1.2 Ebolavirus life cycle

EBOV initially and preferentially replicates in immune cells i.e. macrophages
and dendritic cells [14, 15]. Thus, the virus replication is supported by the
immune response. Additionally, EBOV can infect a variety of organs includ-
ing liver and brain [16]. The ebolavirus life cycle is not entirely understood,
but it can be divided into three parts (summarized in fig. 1.1). Firstly: vi-
ral contact is made with the cell surface via GP, viral particle engulfment
and macropinocytosis, GP cleavage inside the late endosome, binding to
the receptor Niemann-Pick type C1 (NPC1) and fusing with the endosomal
membrane, and release of the NC into the cytosol (see fig. 1.1 A). Secondly:
the virus establishes transcription/replication inside viral inclusion bodies,
with a high presence of NP, which are perinuclear allowing translation and
further protein modifications only possible with the host machinery (see
fig. 1.1 B). Thirdly: the NC is formed and transported via actin filaments un-
til reaching the plasma membrane where with VP40 (inner membrane) and
GP (outer membrane) can form filamentous particles, and form a new viral
particle [11]. However, the assembly is not entirely synchronized because the
virus can form empty particles (see fig. 1.1 C).

Viral entry

Little is known about the whole process of Ebolavirus entry into the cell.
GP first adheres to the cell, activates macropinocytosis allowing the virus to
enter the cellular endosomal compartment. Then, GP is cleaved by cysteine
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proteases during the maturation of the vesicle [17]. This cleavage exposes
EBOV GP position 82 allowing the interaction with NPC1, and GP position
544 with the membrane for fusion [18]. Then the NC gets released into the
cytosol, allowing the start of primary transcription/replication.

Transcription and replication

The transcription and replication of Ebolaviruses have been explored in more
detail than other viral processes. These are mainly observed in NP aggrega-
tions, referred to as NP inclusion bodies. These inclusion bodies work as
hot-spots where viral proteins, namely NP, VP35, VP30, L, and cellular com-
ponents get recruited and where the viral genome is processed. The order
of events is still not entirely comprehended, but each step for transcription
or replication needs the coordination of NP, VP35, VP30 and L, and the
recognition of two motives 3’ CUC/ACUUCUAAUU and 3’ UAAUUC(U).
For replication the negative-sense RNA is used as a template to synthesize
a positive-sense RNA copy. Then, the newly synthesized positive RNA is
used as template to produce more copies of the viral genome. For transcrip-
tion the negative-sense RNA can be used directly for transcribing each ORFs
individually [19].

Nucleocapsid transport

There is still a gap of knowledge regarding the synchronization of events,
but there must be a switch which determines the transition from transcrip-
tion/replication to NC formation. VP35 and NP interaction seems to deter-
mine the switch from transcription-replication to NC [20, 21]. NP wraps
the viral genome to protect it from the host RNases. VP24 binds the com-
plex NP-RNA and compacts it, blocking the entire access to the genome by
any protein. The protein complex, composed of NP, VP35 and VP24, forms
a transport-competent NC which is able to move around the cell via actin
filamentous/polymerization, in a directed manner [22].

Filamentous particle formation and release

The building blocks of filamentous particles are GP and VP40. VP40 hexam-
ers are formed at the inner layer of the plasma membrane to build a matrix,
and likely form membrane protrusions and recruit the NC. Also, GP reaches
the plasma membrane after going through post-translational modifications,
most notably glycosylation. However, it is not understood if there is a coor-
dination between VP40 and GP to form the filamentous particles, or at least
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to favor it, but it is possible to release GP-vesicles and GP-VP40 empty par-
ticles. Furthermore, once the NC is completely surrounded by VP40, which
is attached to the inner cellular membrane, and GP located in the transmem-
brane region towards the outer membrane, a viable filamentous particle is
formed and released. It is not known how the filamentous particle closes or
detaches from the membrane. Neither is it known where or how L and VP30
are incorporated into the NC, but it is not possible to have viable infectious
virus without L and VP30 proteins inside the filamentous particles [23–25].

A

B

C

Legend

NP

VP35

VP30

VP24

GP

VP40

Actin

L

RNA

Figure 1.1: Ebolavirus summarized life cycle. (A) Entry: The virus contacts the cel-
lular membrane. This englobes the virus into a vesicle, where different
proteins will cause the fusion to the vesicle membrane and NC release
into the cytosol. (B) Established replication: Viral fabric loci are formed
around the cytosol. Here active transcription and replication for further
translation are ongoing. (C) Viral particle assembly and release: The NC
is transported via actin filamentous. Once it reaches the membrane the
NC can assemble with the matrix proteins into a protrusion which ends
on a viral particle: there is a lack of synchronization of this process, al-
lowing the release of empty viral particles.
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1.2 EBOV and RESTV known differences

Despite the lack of fully developed tools for RESTV research outside BSL4
facilities, there are advances in the comparison of RESTV and EBOV. Vari-
ous studies propose a different cellular response towards RESTV and EBOV
which can be triggered by viral factors. RESTV GP and VP35 were sug-
gested to contribute to the virulence in different primates, GP interaction
with TIM-1 and CD209 and VP35 with PKR inhibiting the effect of IFN [26].
The protein interactions, viral and cellular, seem to be interrupted due to
the cellular domains variance in the different species. The differences on
VP35 between EBOV and RESTV would give less affinity to RESTV VP35
towards double strand RNA (dsRNA), but more stability to the system, and
are thought to be directly related to the difference on the IFN stimulation
[27, 28]. Also, it has been shown that Marburg virus (MARV) and EBOV are
able to suppress the IFN response, while RESTV stimulates it [29]. Moreover,
recent reports suggest the IFN stimulation difference is mainly related to
GP, and EBOV is able to activate many more factors related to the immune
response than RESTV [30]. Nevertheless, it was shown that exchanging GP
between RESTV and EBOV leads to the same outcome, only it took longer
[31]; also, it was observed that RESTV and EBOV symptoms differ only sig-
nificantly on the liver pathology [31, 32], but it is not enough to explain the
difference between both viruses. Interestingly, EBOV can activate Interleukin
6 (IL-6) and not RESTV [30]. MARV and EBOV do not seem to control the
IFN response with the same viral protein, but EBOV affects IFN alpha/beta
via VP24 and MARV affects IFN alpha/beta/gamma via VP40, including the
phosphorylation of STAT3 and IL-6 [33]. However, it has not been explored
if RESTV VP40 has any effect on IFN stimulation. Therefore, the cause re-
mains unknown for the difference between the outcome or pathogenicity of
these two viruses. In order to investigate fully the differences between EBOV
and RESTV in BSL1 or BSL2 facilities it is necessary to establish tools for the
study of RESTV, like that already developed for EBOV.

1.3 Studying viral Ebolavirus protein function outside BSL4

RESTV is a virus poorly investigated compared to the pathogenic sister
species SUDV and EBOV. The study of Ebolaviruses is challenging. The virus
is highly mortal and all the species contained in this family are considered
BSL4 agents. EBOV has been extensively studied outside BSL4 conditions
because of available tools and methods such as: minigenome, for the study
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of transcription and replication; infectious viral like particle (iVLP), for the
study of particle formation and infectivity; live cell imaging (LCI), for the
study of nucleocapsid (NC) transport [22, 34]. These tools are a plasmid-
based transfection system, based on the possibility to produce viral proteins
inside the cells and replace the whole viral genome for a reporter gene or
truncated genome for hindering the production of viable viral particles.

1.3.1 Minigenome

The minigenome assay can be used to understand viral transcription/repli-
cation in the cellular context. EBOV and RESTV share the same proteins,
and basics for transcription and replication. The components needed for this
process are the proteins NP, VP35, VP30 L and the 3’ and 5’ sequences of
the viral genome. The only necessary signal for recruiting the proteins for
transcription and replication and then starting the process are in the sec-
ondary structure formed by the 3’ and 5’ sequences of the viral genome.
In order to measure the activity and efficiency of the process outside BSL4
conditions, it is possible to replace everything between the 3’ and 5’ for a
reporter gene. This is named minigenome (MG: viral 3’-reporter gene-5’) in
EBOV and RESTV [34, 35]. Notwithstanding the possible role or effect of
the viral secondary structures formed along the genome. Moreover, this as-
say has to be properly established to ensure that the reporter control (for
normalization) does not get affected by any added extracellular component.

1.3.2 Infectious virus-like particle

To evaluate the viral capability to infect new cells one needs to produce viral-
like particles (VLPs). The viral particles can be formed with VP40 and GP.
The inclusion of NP, VP35, VP30, L and MG with VP40 and GP can produce
viral particles which are able to infect new cells and transcribe/replicate the
reporter gene of the MG in a measurable manner. The addition of VP24 into
the system improves the production of formed particles. The formed parti-
cles are named transcription and replication competent virus-like particle or
infectious virus-like particles (iVLP). They can be used to understand the vi-
ral molecular biology, pathogenesis and life cycle of the virus [34]. However,
there is currently no iVLP system for RESTV available.
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1.3.3 NC movement via Live cell imaging

EBOV’s NCs have long directed trajectories in the cell. NP, VP35 and VP24
are the only necessary components for the NC movement. Live cell imaging
(LCI)T is used for the study of the NC-like structures under BSL1 condi-
tions [22]. This technique allows a direct analysis of the protein interactions
and their behaviors inside the cell. Since the NC assembly is necessary for
an efficient transport of the NC, it will influence the production of viable
iVLPs. This is a relatively new technique and has not been tried with RESTV
components, and could help to see if RESTV has an impaired NC in human
cells.

Moreover, the above mentioned tools do not take in account the cellular
context. The host non-coding RNAs (ncRNAs) response towards EBOV and
RESTV has not been studied.

1.4 Human ncRNAs

EBOV has been extensively studied, and triggered cascades as well as
miRNA markers during virus infection have been determined [36, 37]. But
there is not a study of the ncRNA population during infection of RESTV
and EBOV. NcRNAs are RNA molecules that are not translated into a pro-
tein. The number of ncRNAs is still uncertain, but they fulfill a variety of
functions. Until now, mostly small RNAs have been studied, for example
transfer (t)RNAs, micro (mi)RNAs, small nucleolar (sno)RNAs, and small
nuclear (sn)RNAs (see [38] for details). MiRNAs are small ncRNAs of 22
nucleotides (nt) found in all eukaryotes but also in prokaryotes and viruses.
In animals they mediate post-transcriptional gene silencing while regulating
the translation of mRNAs into proteins [39]. It is estimated that miRNAs
govern the translation of 60 % of protein-coding genes [40]. SnoRNAs are
60-300 nt long and can be divided into two types: C/D and H/ACA box
snoRNAs. They facilitate the folding of the rRNA and stabilize it. In addi-
tion, snoRNAs are involved in the post-transcriptional regulation of mRNA
expression via methylation or pseudouridylation [41]. Moreover, new stud-
ies suggest that snoRNAs are involved in splicing regulation [42, 43].

Current research shows that ncRNAs are part of the cellular virus infec-
tion response which can be triggered to combat the pathogen or warn the im-
mune system. Therefore, the specific cell response acts as a footprint for each
virus. [44–46]. Components of this footprint can be required by the pathogen
in order to replicate and survive. For example, mir-122 is a miRNA found
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commonly in the liver, and reported to be part of the replication cycle of
Hepatitis C virus (HCV) (see [47] for a review). Vaccinia virus was observed
to change the snoRNA human expression profile. This change was necessary
for the virus to survive [48]. Therefore, the determination and study of these
footprints are needed to understand the pathogenicity of viral infections.

1.5 Aim of this study

EVD continues to cause human loses. The differences between RESTV and
EBOV could expose the traits which make EBOV pathogenic to humans.
However, most of the research focus has been mainly on EBOV. Few reports
compared RESTV and EBOV. Some include aspects of the viral replication
cycle but none compares ncRNA-related cell response to these viruses. As
mentioned above, ncRNAs are known to be relevant during a viral infection,
and understanding the complete cell response could give a better picture of
the viral effects in humans. The aim of this study was to determine differ-
ences and similarities between RESTV and EBOV infection, cellular response
and life cycle in order to pinpoint the traits which are responsible for the dif-
ferent pathogenicity of these two viruses in humans. Specifically, the focus of
this study is on the comparison of cellular RNA-related differential expres-
sion against the highly pathogenic EBOV and the non-pathogenic RESTV.
These results could give a detailed comprehension of the cellular responses
and have the potential to unveil new targets for the development of antiviral
countermeasures against the deadly EBOV.
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2
M AT E R I A L S

Here are listed the materials used in this study without detailing ma-
terials for well established and known protocols.

This document was typeset using an adapted version of the
classicthesis template developed by André Miede, available for both
LATEXand LYX(http://www.miede.de/#classicthesis).

2.1 Genomes

The human and viral genomes used for the reads mapping were merged
into one consecutive genome. This allowed the localization of most of the
outcome reads expected from the sequencing. A merged genome also allows
a better discrimination of the reads mapping to its origin. The genomes ver-
sions are listed in table 2.1 "RNA-Seq reference genome". The identification
of differences between ebolaviruses was done using more viral genomes for
each species. Most ebolaviruses have more than one complete genome se-
quence publicly available, except for TAFV which only has one (to date).
The genomes versions are listed in table 2.1 "TSS alignment".
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Table 2.1: Genome sequences used in the present study

Analysis Species Entry

RNA-Seq reference genome

Human GRCh38

EBOV AF086833.2

RESTV AB050936.1

TSS alignment

BDBV Gi:302371213

EBOV Gi:10313991

RESTV Gi:22789222

SUDV Gi:55770807

TAFV Gi:302315369

Sequence Comparison

BDBV FJ217161, KC545393, KC545394, KC545395,
KC545396, KR063673, KU182911

EBOV AF054908, EU224440, AF086833, J04337,
AF272001, KF113528, AF499101, KF113529,
AJ001707, KJ660346, AY058896, KJ660347,
AY058897, AY142960, AY354458

MARV Z29337.1

RESTV AB050936, AF522874, AY769362, FJ621583,
FJ621584, FJ621585, JX477165, JX477166, KY008770,
KY798004, KY798005, KY798006, KY798007,
KY798008, KY798009, KY798010, KY798011,
KY798012, FJ621583

SUDV AY729654, EU338380, FJ968794, JN638998,
KC242783, KC545389, KC545390, KC545391,
KC545392, KC589025, KT750754, KT878488,
KY425631, KY425644, KC545391

TAFV FJ217162

2.2 Primers

The primers are nucleotide sequences used for the direct amplification of
RNA or DNA sequences. These were used for RESTV proteins cloning (see
table 2.2). Also were used for the sequence edition of RESTV coding se-
quences, also known as mutagenesis, (see table 2.3).
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Table 2.3: Mutagenesis primers

Primer Mutagenesis primer Sequence 5’-3’

4214 GP A extension TGGGCCTTCTGGGAAACTAAAAAAAACTTTTCCC

4215 GP T896C TGCATTTCCAAATTCCATCAACCCAC

4216 GP C1526T TACTATTGGACAGCTGTTGATGAGGGGGC

4217 NP C1112A GGCCTGGACGATCAGGAAAGAAGAATAC

2.3 Plasmids encoding recombinant proteins

A plasmid is genetic material which can be replicated, transcribed and trans-
ferred independent of the organism’s chromosomes. It can include coding
sequences of choice to be introduced and produced in target cells. Plasmid
constructs used for the expression of viral proteins are listed in table 2.4.
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Table 2.4: Plasmids encoding recombinant proteins

Vector Encoded protein Virus Name

pAndy 3E-5E Renilla luciferase EBOV pAndy-3E5E-luciferase

pCAGGS T7 polymerase - pCAGGS-T7

pCAGGS GP EBOV EBOV pCAGGS-GP

pCAGGS L EBOV EBOV pCAGGS-L

pCAGGS NP EBOV EBOV pCAGGS-NP

pCAGGS VP24 EBOV EBOV pCAGGS-VP24

pCAGGS VP30 EBOV EBOV pCAGGS-VP30

pCAGGS VP35 EBOV EBOV pCAGGS-VP35

pCAGGS VP40 EBOV EBOV pCAGGS-VP30

pCAGGS VP30-Firefly EBOV EBOV pCAGGS-VP30-FF

pCAGGS VP30-GFP EBOV EBOV pCAGGS-VP30-GFP

pAndy 3R-5R Renilla luciferase RESTV pAndy-3R5R-luciferase

pCAGGS GP RESTV RESTV pCAGGS-GP

pCAGGS NP RESTV RESTV pCAGGS-NP

pCAGGS L RESTV RESTV pCAGGS-L

pCAGGS VP24 RESTV RESTV pCAGGS-VP24

pCAGGS VP30 RESTV RESTV pCAGGS-VP30

pCAGGS VP35 RESTV RESTV pCAGGS-VP35

pCAGGS VP40 RESTV RESTV pCAGGS-VP40

pGL4 Firefly - pGL4-FF

2.4 Cells

HuH7, HEK293, THP1 cell lines were available in the Institute of Virology
from Marburg (Germany).

2.5 Agomir

The Agomir was used to mimic the miRNA of interest and evaluate their
effect in the cells. The sequences of the Agomir which were obtained from
shangai GenePharma are listed in table 2.5.
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Table 2.5: Agomir sequences

Name Sequence 5’-3’

hsa-miR-10b-5p agomiR
uacccuguagaaccgaauuugug

caaauucgguucuacaggguauu

hsa-miR-10b-5p agomiR
uacccuguagauccgaauuugug

caaauugccaucuacaggguauu

hsa-miR-204-5p agomiR
uucccuuugucauccuaugccu

gcauaggaugacaaagggaauu

Agomir N.C.
uucuccgaacgugucacguTT

acgugacacguucggagaaTT

2.6 Programs and tools

Available programs and software used for the developing of this thesis are
listed in table 2.6. Specifications of the usage of each program is detailed in
3.
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Table 2.6: Programs used for the analysis of sequences and data

Program Version Used for

BioEdit 7.0.5.3 Small sequcence analysis

Blockclust 1.0.0 ncRNA prediction based on blocks

Clone Manager 9 Cloning planning

CoRal 1.1.1 ncRNA prediction

cutadapt 1.4.1 Adaptors removal

DESeq2 1.22.2 Differential expression analysis

FastQC 0.113 Quality assessment

featureCounts 1.5.3 Reads per transcript counting

Image Lab 5.2 Detection and quantification of bands

ImageJ 1.47 Immunofluorescence analysis

Inkscape 0.92.3 Picture preparation

LaTeX 3.14 Document writing

locarna 1.8.11 TSS analysis and prediction

miRDeep 2.0.08 miRNA predictions

Nikon NIS Elements 3.1 LCI picture evaluation

PoSeiDon - Recombination and positive selection analysis

PRINSEQ-lite 0.20.3 Quality filtering

Python 2.7, 3.7 Data analysis

R studio 3.5 Analysis and graphic preparation

TopHat 2.1.1 Reads mapping

TrackEvaluator 0928 LCI deep evaluation

17





3
M E T H O D S

The human transcriptome was investigated in two cell lines, HuH7
(hepatome like) and THP1 (differentiated into macrophages) in the
context of virus infection with EBOV as well as RESTV (apathogenic),
and compared with uninfected cells (Mock). Two time points were cho-
sen for the analysis these are 3 h p.i., representing an early time of infec-
tion, and 24 h p.i., which shows an established infection and the release
of new viral particles (see fig. 3.1). These time points were selected in
accordance with previously published data where the highest amount
of genes differentially expressed in EBOV was observed [36]. In addi-
tion, multiple sequence alignments were calculated to find differences
between RESTV and all other Ebolavirus species, which are known
to cause human EVD. Further, EBOV and RESTV transcription/repli-
cation, filamentous particle formation and infection were evaluated
and compared, using a minigenome assay, iVLPs and LCI system (see
fig. 3.2). These systems were first established for RESTV using EBOV’s
systems as reference. With a full study of all the differences between
EBOV, RESTV, and other Ebolaviruses it was possible to narrow down
viral protein candidates related to infection. Finally, with a proper un-
derstanding of RESTV and EBOV differences in the systems studied,
cellular genes differentially expressed in RESTV treatment were ex-
plored.

3.1 Biochemical and molecular methods

3.1.1 Gel electrophoresis

Gel electrophoresis is a technique which allows the separation of molecules
by size and charge. The gel is done with polymers that form a matrix which
works as a particle resistance. This resistance helps to discern the size of the
molecules which are moved by an electric current across the matrix. Agarose
is used as the matrix to discern big molecules, and polyacrylamide matrix is
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Table 3.1: Polyacrylamide gel ingredients for different gel concentrations.

Ingredients
Stacking gel Separation gel

4% 8% 10% 12%

dH2O 2.9 mL 4.7mL 4 mL 3.3 mL
30% polyacrylamide (Rotiphorese 30) 0.750 mL 2.7 mL 3.3 mL 4 mL
SDS PAGE Stacking gel buffer 1.25 mL - - -
SDS PAGE Separation gel buffer - 2.5 mL 2.5 mL 2.5 mL
APS 10% in dH 2 0 0.05 mL 0.1 mL 0.1 mL 0.1 mL
TEMED 0.01 mL 0.01 mL 0.01 mL 0.05 mL

used for smaller size differences. Here agarose gel was used for DNA separa-
tion and polyacrylamide gel for protein separations, as described in Koehler
(2017) [49], with the additional polyacrylamide percentages depending on
the study (see Table.3.1).

For the protein size determination the PageRuler Plus Prestained Protein
Ladder from Thermofisher was used.

3.1.2 Protein visualization

Western blot

The western blot technique allows specific detection of proteins transferred
(or blotted) from an SDS gel into a membrane. For all the experiments a
nitrocellulose membrane and a semi-dry blotting were used. For details of
the assembly and staining of the proteins the protocol from Koehler (2017)
[49] was followed with the variations: a) nitrocellulose GelCondoes not need
an activation with methanol b) the chamber was set up to 45 min. at 10 V
c) the membrane was washed for 10 min and not 5 min in each round d) the
substrate used for the protein visualization was Forte for most of the exper-
iments unless specified The specific proteins were observed with the use of
different antibodies listed in table 3.2.

Silver staining

Silver staining is a method which allows the precipitations of molecules with
silver- the staining is unspecific and really sensitive. The silver staining was
performed following the manufacturer’s instructions from the Pierce silver
stain kit.
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The band intensities, which represent single protein populations, were
measured with ImageView.

3.1.3 Cloning

Cloning refers to the technique of copying a piece of genomic information
or gene into a vector to form a recombinant genome, which is going to be
copied or multiplied as part of the replication cycle of the vector. The fi-
nal goal to produce copies of the recombinant genome (plasmid) for further
purification and production of the inserted gene. The steps are as follows:
a) amplify the genomic information or gene, b) purify the gene, c) dephos-
phorylate the target genomic vector, d) digest the end of the gene and the
genomic vector in order to have complementary sequences between them,
e) ligate both gene and vector, f) transform the host, which refers to the in-
troduction of the plasmid into the host, usually a bacteria, g) foment host
replication, h) purify stock plasmid, i) sequence confirmation via sequenc-
ing, j) sequence correction via mutagenesis (if needed), k) quantification and
storage.

Protocols and cloning documents already established for EBOV were used
for designing a similar RESTV cloning approach. RNA was extracted from
cells infected with RESTV by Nadine Biedenkopf and Dirk Becker. Primers
were designed for each ORF based on the RESTV genomic available se-
quence. The primers included ends with the enzyme recognition sequence
present in the multiple cloning site from the plasmid vector pCAGGS (see
Materials for sequences). The cDNA and amplification rounds were done
with the designed primers and the Omniscript RT kit using the manufac-
turer’s instructions. Further steps were performed following the protocols

Table 3.2: Antibodies usage for western blot.

Primary antibody Species Dilution Secondary antibody Species Dilution

anti VP40 (2C4) Mouse 1:200
anti Mouse Donkey 1:20000anti NP (B6C5) Mouse 1:200

anti GP (3B11) Mouse 1:500

anti Sudan Goat 1:1000
anti Goat Donkey 1:20000

anti EBOV Goat 1:1000

anti NP Chicken 1:1000
anti Chicken Donkey 1:20000

anti VP40 Chicken 1:1000

anti Tubulin Mouse 1:500 anti Mouse Donkey 1:20000
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Table 3.3: Immunofluorescence antibodies list

Primary antibody Species Dilution Secondary antibody Species Dilution Wavelength

anti VP40 Mouse 1:50 anti Mouse Human 1:300 Alexa 647

anti NP Chicken 1:100 anti Chicken Goat 1:300 Alexa 488

- - - DAPI - 1:10000

- - - Phalloidin - 1:600 FITC

available in Koehler (2017) [49]. The polymerase L plasmid was finished by
C. Rohde and A. Herwig and RESTV MG was done by N. Biedenkopf.

3.1.4 Immunofluorescence analysis

Immunofluorescence analysis allows the visualization of the protein’s loca-
tion inside the cells. It is possible to directly mark the protein of interest, or
mark it indirectly. For all the experiments presented here HuH7 cells were
seeded and transfected or infected with EBOV or RESTV components or
virus. The viral experiments were performed in the BSL4 by Dirk Becker.
The protocol from Koehler (2017) [49] was followed with variations: a) the
incubation time was not 5 min but 10 min, b) the blocking buffer was left
overnight to reduce background observed with the serums used, c) The di-
rect actin marker Phalloidin was additionally used. The list of antibodies
used and the specification of their usage is detailed in table 3.3

3.2 Cell biological methods

3.2.1 Cell preparation

Here is specified the preparation of cells used for transfection and study
systems. The standardized cells used for EBOV life cycle study are HEK293
and HuH7 cell lines. These were counted and seeded in pre-warmed DMEM
with FCS (10 %) glutamine (2 %) and penicillin/streptomycin mixture (2 %)
(10 %FCS DMEM ++). The number of cells used for different study systems
are specified in table 3.4.

3.2.2 Transfection

Transfection refers to the introduction of nucleic acids into cells with the
objective of expressing the genetic information stored in the nucleic acid
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Table 3.4: Human cells used and quantities

Plate size
Cells seeded

HEK293 HuH7

6 well 8.0× 105 1.5× 105

12 well 3.0× 105 8.0× 104

Ibidi 8 well - 1.0× 104

6 well for Agomir - 3.0× 105

sequence. In order to insert the material into the cells, one needs to open
gaps in the cellular membrane- this process can change from cell to cell.

HEK293 cell line treatment

HEK293 is a cell line prepared from the kidney of a human embryo. These
cells were kept in their growing media after 18-24 h seeded and the DNA to
be transfected was prepared in 1.5 mL Micro Screw Tubes (regular bench).
The transfection of the DNA into the cells was performed inside a laminar
flow as follow:

1) 100µL OptiMem (reduced medium) is added to each tube containing
the DNA to be introduced in the cells (mixture A).

2) 100µL OptiMem and 3µL/DNAµg of TransIT (reagent for opening of
the membrane) is mixed and incubated for 5 min (mixture B).

3) 100µL of mixture B is added to mixture A and incubated for 15 min
(final mixture).

4) The final mixture is added to the cellular medium of the corresponding
well to be transfected in a drop-wise manner.

The cells are incubated at 37◦C and 5% CO2 for 24 h, 48 h or 72 h post trans-
fection (p.t.) depending on the assay.

HuH7 cell line treatment

HuH7 is a cell line prepared from human liver cells. The cells were changed
from their growing medium of 10% FCS DMEM ++ to 3% FCS DMEM ++ me-
dia after 18-24 h seeded. The DNA preparation and transfection continued
as in HEK293 cells.
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Table 3.5: Minigenome plasmid concentration used for EBOV and RESTV

Plasmids Final [ng]

pCAGGS NP 125
pCAGGS VP35 125
pCAGGS L 1000
3’-Renilla-Luciferase-5’ 250
pCAGGS T7 Polym 250
pCAGGS VP30 100
pGL4 (Firefly, control) 100

Table 3.6: Minigenome plasmid concentration tried for RESTV study

Plasmids Final [ng]

pCAGGS NP 100
pCAGGS NP 250
pCAGGS VP30 70
pCAGGS VP30 200
pCAGGS VP35 70
pCAGGS VP35 250

3.2.3 Minigenome

EBOV minigenome was performed as specified in [34]. In summary, the as-
say was performed to quantify transcription/replication of the virus outside
BSL4 conditions. Different combinations of viral proteins between RESTV
and EBOV were tested to evaluate the compatibility of the proteins in this
system. The amount of plasmids used for testing the combinations did not
change from the original concentration specified below (see Table. 3.5). The
constructs used for these experiments were prepared by Dirk Becker. It was
established that the EBOV protocol can be used for RESTv study. The plas-
mid amounts tried for RESTV standardization are specified in Table. 3.6.
The plasmid amounts used for transfection/replication inhibitors study are
specified in Table. 3.7.

The cells were treated following section 3.2.5 after 48 h p.t..

3.2.4 Infectious viral-like particle (iVLP)

In summary, the assay was performed to quantify transcription/replication,
viral particle formation and infectivity of the virus outside BSL4 conditions.
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Table 3.7: Minigenome plasmid concentration of RESTV and EBOV components to
evaluate transcription/replication inhibition

Plasmids Final [ng]

pCAGGS GP 250
pCAGGS VP40 250
pCAGGS VP24 250

Table 3.8: Plasmid concentration of RESTV and EBOV components for iVLP assay

Plasmids Final [ng]

pCAGGS VP40 250
pCAGGS VP24 60
pCAGGS GP 250
pCAGGS NP 125
pCAGGS VP35 125
pCAGGS L 1000
3’-Renilla-Luciferase-5’ 250
pCAGGS T7 Polym 250
pCAGGS VP30 70
pGL4 (Firefly, control) 100

Different combinations of viral proteins were tested to evaluate the system in
RESTV and to compare EBOV with RESTV. The plasmid from EBOV’s used
for these experiments were prepared by Dirk Becker. Most of the iVLPs here
presented were prepared in HuH7 cells because there were more consistent
results than in HEK293 cells. EBOV’s protocol was used for RESTV iVLP
production with the plasmid amounts specified in Table. 3.8.

iVLP purification

After the incubation period one needs to collect the supernatant and the
cells separately. The formed and released iVLPs are in the supernatant. In-
side the cells the produced proteins should be retained, including the Renilla
luciferase, which is the only indication of proper viral transcription/replica-
tion. The cells were treated following the section 3.2.5. For the purification
of the iVLPs from the supernatant the further steps were followed (inside
the laminar flow).

1) after 72 h p.t. collect the cell supernatant into 15 mL Falcon tubes

2) centrifuge the falcon tube for 10’ 2500 rpm at 4◦C to pellet dead cells
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Table 3.9: Ultracentrifugation settings

Final volume Sucrose underlay Tube size Speed Time Temperature

ca. 5mL 1mL SW60 4.5× 104rpm 2 h 4◦C
ca. 12mL 2mL SW41 3.6× 104rpm 2 h 4◦C
ca. 30mL 5mL SW32 3.0× 104rpm 2.5 h 4◦C

3) transfer from step 2 only the supernatant to a new 15 mL Falcon tubes

4) prepare ultracentrifugation tubes with 20% Sucrose in 1x TNE depend-
ing on the collected supernatant final volume as in Table. 3.9

5) balance all the tubes before introducing them in the ultracentrifuge
buckets, if necessary add sterile PBSdef for weight compensation

6) centrifuge the tubes following the tube size as described in Table. 3.9

7) when the run is over, collect the tubes carefully and remove the liquid
by turning the tubes upside down in one movement and leaving them
upside down above a paper towel (the particles are attached to the
bottom of the tube)

8) with precision wipes and a dry sterile tweezers dry all the tube without
touching the bottom of the tube (it is not always possible to observe a
pellet)- do not turn the tube up until all the tube is dry

9) re-suspend the content while directing the desired liquid (depends on
planned analysis or usage) to the bottom and mix without making any
bubble (to avoid breaking the particles)

Filamentous iVLP purification

For filamentous particle purification the iVLP purification steps described
above were followed until step 8. Then the particles were re-suspend in
730µL TNE buffer. Further:

1) prepare a 60% Nycodenz solution with TNE buffer.

2) in an SW60 tube prepare a Nycodenz gradient with a gradient pipette
at the slowest speed following from bottom to top as follows: a) 730µL
30%, b) 490µL 20%, c) 490µL 15%, d) 490µL 10%, e) 490µL 7.5%,
f) 490µL 5%, g) 490µL 2.5% At the end of the gradient one has to be
able to observe the different layer between the different concentrations.
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3) add the resuspended particles at the top of the tube

4) centrifuge in an SW60 rotor for 15 min at 16000 rpm (take 15 min of
centrifuge at desired speed exactly)

The gradient has different densities, based on the nycodenz concentration,
and the particles can go through the gradient based on their sizes. The differ-
ent particle sizes can be differentiated in fractions, where the upper fraction
(names fractions 1-3) of 1500µl contains small particles, vesicles, etc. The con-
secutive fraction of 1500µL, fractions 4 to 6, contains the filamentous iVLPs.
Therefore, fractions 1 to 3 were collected in a TLA55 tube as control, and
fractions 4 to 6 were also collected in a TLA55 tube for further analysis. The
TLA55 tubes are centrifuged to concentrate the particles for 2 h at 45000 rpm.
All the liquid has to be discarded without touching the bottom sides of the
tube. Then the inside pellet can be re-suspended in 45µL TNE buffer and
stored at 4◦C until usage.

Infection of naive and pre-transfected cells

In order to see if the purified particles are properly assembled and functional
it is necessary to use them for infecting new cells. It is possible to directly
add the particles to the target cells (naive) or pre-transfect the cells with tran-
scription/replication components (NP, VP35, VP30 and L with control pGL4)
to increase the signal of the MG to evaluate the infection. Depending on the
objective of the assay both approaches were used. EBOV’s components give
a higher RESTV and EBOV MG signal, therefore, only EBOV’s components
were pre-transfected to avoid false negatives in RESTV’s infection evaluation.
HuH7 cells were used for the analysis and were pre-transfected as follows:

1) prepare transfection components, as detailed above, using the plasmid
amounts from the table 3.10 and incubate for 4-5 h (if pre-transfected)

2) change all the media for pre-warmed DMEM with 2% glutamine.

3) add concentrated iVLPs and incubate at 37◦C and 5% CO2 for 1.5 h
with soft manual shaking every 15 min

4) add 2 mL 5% FCS DMEM++

5) incubate for 72 h. before proceeding to luciferase measurement as de-
scribed below with the variations, resuspend the final cell pellet in
30µL Lysis buffer and do not dilute for measurement.
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Table 3.10: Viral plasmids and amounts used for transfecting cells before iVLP in-
fection

Plasmids Final [ng]

pCAGGS NP 125
pCAGGS VP35 125
pCAGGS L 1000
pCAGGS VP30 100
pGL4 (Firefly, control) 100

3.2.5 Luciferase measurement

The MG contains a reporter gene which codifies a Renilla luciferase. The
transcription/replication activity is measured via the Renilla luciferase sig-
nal. This was done as follows:

1) remove cell media.

2) wash the cells with 1 mL PBSdef (twice).

3) scrape the cells with 1 mL PBSdef and transfer all content into an
1.5 mL tube.

4) pull down the cells for 2 min at 3000 revolutions per minute (rpm).

5) remove all remaining liquid.

6) resuspend the cells in 100µL lysis buffer (2x Dual LysisJuice, PJK
GmbH mixed with water in proportions 1:1).

7) store cell lysate at −20◦C overnight or until measurement takes place.

8) thaw the cells lysate, and precipitate the debris for 10 min at 13000 rpm
at 4◦CC.

9) depending on the assay, 10µL of the direct supernatant or a dilution
1:100 in water, is put in a plate compatible with Luciferase Assay

System (Promega).

10) measure the signal for 5 sec. in Berthold Luminometer (Centro

LB960) following company instructions.

The setup of the measurement correspond to Renilla for transcription/repli-
cation and Firefly for transfection normalization (unless specified other-
wise).
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Table 3.11: Plasmid concentrations for LCI

Plasmid Concentration (ng)

NP 125
VP35 125
VP24 100
GFP-VP30 100

3.2.6 Entry assay

The speed of RESTV and EBOV content release into the cytosol was tested
to evaluate the difference in the first steps of infection between both viruses.
An adapted version of the entry assay from Mittler (2011) [50] was used (see
fig. 4.16 A). In summary, iVLPs were prepared in a T75 flask (ca. 30mL) with
EBOV VP40 , NP, and NP cofactor VP30 with a Firefly (VP30-luciferase) and
GP from RESTV or EBOV (see fig. 4.16 B). After collecting only the filamen-
tous particles (based on a gradient purification described above), were used
to infect HEK293 cells in suspension. Then the luciferase (firefly) was col-
lected and quantified at three time points after infection using a Luciferase

Assay System (Promega) on a Berthold Luminometer (Centro LB960). The
signal was then plotted to evaluate the time point where it goes above the
independent background controls. For details of the controls here used re-
fer to [50]. Additionally, the filamentous particles were also visualized in a
silver gel to evaluate the integrity of the iVLPs.

3.2.7 Nucleocapsid study and evaluation

The NC transport involves the formation and displacement of the NC to-
wards the cellular membrane. For details refer to section 1.3.3. The NC trans-
port evaluation consists of following the particles inside the live cell live.
One viral protein which attaches to the NC but does not interfere in the
movement is VP30. Therefore, VP30 with a green fluorescent protein (GFP)
(prepared by Yuki Takamatsu) was used in order to track the filamentous
particles inside the cells. RESTV and EBOV components were prepared and
combined as in Table. 3.11 to evaluate the NC transport of both viruses and
their compatibility.

The NC components were transfected in an 8 well ibidi as described
above, and analyzed after at least 18 h p.t. For visualization the medium
was changed to pre-warmed color-free Leibovits 20% FCS DMEM++. The
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pictures were taken every two seconds for three minutes. At least three
cells were taken for really active combinations and at least 10 cells in no
obvious NC movement. Three independent transfections were prepared and
analyzed to evaluate the NC transport of EBOV and RESTV. The images
were taken and MPI was performed with Nikon NIS Elements 3.1. Deeper
analysis of the acquired pictures was done with TrackEvaluator v. 0928 (im-
plemented by Andreas Rausch, unpublished)

3.2.8 Agomir transfection and analysis

Agomir is the name of a synthetic molecule which resembles a mature
miRNA with the addition of four thiols and a cholesterol residue in the 3’
end, and 2 thiol and a 2’OMe in the 5’ end. Agomir are double stranded and
can imitate the selected miRNA being able to target mRNAs and reduce their
translation. The advantages of these molecules compared to other available
in the market are the affinity to the cell membrane, reducing the amount of
transfection reagent needed and higher stability inside the cell. The Agomir
molecules were acquired from Genepharma, for specific sequences refer to
materials. The detailed protocol established here was performed inside the
laminar flow with filter tips as follows:

1) re-suspend the Agomir following provider instructions, split in small
aliquots to avoid freeze and defreeze rounds which can affect the effi-
ciency of the molecules.

2) store the aliquots at -20C, and thaw at RT when needed.

3) prepare 6well dishes of HuH7 cells to have 3x10(5) cells per well after
24 h of seeding.

4) change medium for 1 mL pre-warmed Optimem.

5) mix 100µL Optimem with 2.5µL Agomir and 2µL Dharmafect per
desire well to transfect, this will give a final Agomir concentration of
50nM per well.

6) incubate for 20 min at RT.

7) add dropwise the prepared mixture to each well.

8) incubate at 37◦C and 5% CO2for 4 h.

9) add 2 mL 3% FCS DMEM++.

30



10) incubate at 37◦C and 5% CO2 for 4 h for iVLP transfection or 24 h for
virus infection

a) for transfection: Follow transfection protocol as described above
with desired components without changing the medium and in-
cubate for the necessary time.

b) for infection: change medium to 0%DMEM and infect for 1 h with
the desired virus MOI, then change medium to 3 % FCS DMEM++
and incubate for the desired amount of time

11) every incubation was done at 37◦C and 5% CO2 for the desired amount
of time.

The effect of the Agomir molecules was evaluated in the iVLP transcrip-
tion/replication, iVLP integrity and infectivity. Therefore every treatment
per experiment was prepared in 3 wells (of a 6well plate) and pulled to-
gether for analysis. The supernatant of the three wells was pulled together
and filamentous particles were purified in a SW42 as described above. The
cells were also pulled together and split in three: one for transcription/repli-
cation measurement, another for protein expression evaluation and the last
one for RNA extraction. Every Agomir was studied at least three times inde-
pendently.

3.2.9 BSL4 infections

The infections and collection of material from RESTV and EBOV was
done following BSL4 protocols only by authorized persons. Colleagues who
kindly contributed with the sample preparation for different steps are men-
tioned in the corresponding section.

3.2.10 Infection and RNA preparation for transcriptome analysis

The following steps were done by Nadine Biedenkopf and Dirk Becker fol-
lowing BSL4 protocols. THP1 cells were differentiated into macrophage like
cells with PMA (final concentration in medium 200 nM) and grown in RPMI
medium with FCS 10 % for growth (until usage) and differentiation; 0 % in-
fection; and 3 % for growth after 1 hour post infection (h p.i.). HuH7 cells
were cultivated in DMEM with FCS (10 % for growth; 0 % infection; and 3 %
for growth after 1 h p.i.). The infections with EBOV (Mayinga) and RESTV
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(Pennsylvania) were done with an MOI of 5 TCID 50 %/ml. The Mock sam-
ples and the virus samples were treated similarly. The total RNA was col-
lected at 3 h p.i. and 24 h p.i. with mirVana miRNA Isolation kit (Ambion).
The quality of the RNA was evaluated with Bioanalyzer. Every step was per-
formed in parallel for three replicates. In total 36 samples were prepared for
transcriptome analysis, each sample was distributed in three tubes (small
RNA sequencing, Microarray and laboratory)

3.3 Bioinformatic methods

3.3.1 Small RNA sequencing and analysis

For the small RNA sequencing (small RNA-Seq), the TruSeq Small RNA
kit was used with strand specific preparation. Sequencing was done on an
Illumina HiSeq2500 in single-end modus with 50 cycles (producing reads
with a length of 50 bp). The reads from Illumina sequencing were processed
previous to the mapping for adaptor removement with cutadapt 1.4.1 [51]
and quality score < 20 and size (15-51 nt) with PRINSEQ-lite 0.20.3 [52].
Library quality was assessed after each step with FastQC v0.11.3 [53]. The
mapping of the filtered reads was performed with TopHat 2.1.1 [54] (with-
out gaps and at most one mismatch), against a concatenated genome of hu-
man (GRCh38), EBOV (AF086833.2) and RESTV (AB050936.1). De novo pre-
diction of ncRNAs was performed with Blockclust v1.0.0 [55], miRDeep
v2.0.08 [56] and CoRal v1.1.1 [57] using default parameters and miRBase

21 [58] data as input if required for training. A merged annotation file with
the human Ensemble release 80 and the de novo annotated regions was used
for the differential expression analysis (referred to in the results as full an-
notation). featureCounts v1.5.3 [59] was used for counting the reads and
DeSeq2[60] for the differential expression analysis, both as part of R software
[61]. One replicate from EBOV treatment at 24 h p.i. was excluded because
the values biased all the expression profiles (observed on a PCA).

3.3.2 Microarray analysis

The 36 samples were sent and further processed by Jochen Whilhelm. The
Microarray chip used for the study was "Human G3 v2 Kit 8x60k". This chip
includes 26 083 coding gene probes and 30 606 long ncRNA probes. The data
received was filtered based on saturation signal, signal below background,
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significance on logarithm scale base 10 (log10 > 1.5) and fold change on log-
arithmic scale base 2 (FC > 2)

3.3.3 Ebolavirus sequence comparison

As a further approach to narrow down the differences between RESTV
and pathogenic Ebolaviruses, genomic differences between all of the
Ebolaviruses were explored. This was approached via the non-coding re-
gions with a secondary structure analysis comparison and the coding one
with a full alignment of the ORFs. The secondary structure prediction of the
viral intergenic regions was performed with locarna [62] using max probabili-
ties as parameter. All the input sequences from the different viruses were iso-
lated from human samples. The seven ORF from the 5 species of Ebolavirus
were aligned and mutagenesis was analyzed with PoSeiDon [63] using as pa-
rameters "with breaks". The input genomes for the sequence comparison are
listed in section 2.1.

3.4 Overview of study: Graphical summary
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Figure 3.1: The cellular response against RESTV and EBOV, compared to Mock, was
studied in two cell lines, HuH7 and THP1. RNA was extracted at 3 h p.i.
and 24 h p.i in triplicates and further processed via Microarray for cod-
ing RNAs and lncRNAs study, or small RNA-Seq, for host sRNAs and
viral transcripts analysis. Differential gene expression analysis between
treatments was evaluated and genes which showed a relationship to dif-
ferent pathogenesis were selected for further investigation.
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4
R E S U LT S

This thesis explores, for the first time, the differences between RESTV
and EBOV in early cell response, ncRNA stimulation, complete viral
life cycle, and the effect of RESTV triggered genes on EBOV’s life cycle.
Also, Ebolaviruses can only be studied in BSL4 facilities. Thus first a
study system for RESTV was established like that already determined
for EBOV.

4.1 Differences in cellular response caused by RESTV and EBOV in-
fection

The host transcript population in two cell lines, HuH7 (hepatome like) and
THP1 (differentiated into macrophages), infected with EBOV, RESTV, and
uninfected (Mock) was investigated. Two time points were chosen for the
analysis, that are 3 h p.i., and 24 h p.i. Using the available annotation for hu-
mans and the de novo annotation based on the obtained small RNA-Seq
library, small ncRNAs were quantified and evaluated, to determine their
differential expression profile. Because the small RNA-Seq only covers tran-
scripts below 200 nt and here the aim was to evaluate the whole transcrip-
tome, the larger ncRNAs and protein-coding transcripts were quantified
with microarray. The aim was to determine cellular differences triggered
by EBOV, RESTV and Mock, which could give an indication on the different
virus pathogenicity on the host.

4.1.1 Different cellular response to viral infection observed at early time
point

First, small RNA-Seq data from HuH7 and THP1 cell lines was compared
and the number of reads mapping to the host and viral genomes was
counted. A merged genome formed by human, RESTV and EBOV concate-
nation was used for the reads mapping. For HuH7 cells, at least 95 % of
the reads were mapped for each treatment (see Tab.4.1. total column). There
was a higher amount of reads (circa double) mapping to the mitochondrial
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Table 4.1: HuH7 sequencing results. reads: total number of reads that were received
after sequencing; RESTV: number of reads mapping to RESTV; EBOV:
number of reads mapping to EBOV genome; total (%): percentage of reads
mapping to the input genomes; rRNA %: percentage of reads mapping to
rRNA; MT (%): percentage of reads mapping to mitochondria;

infection time point replicate reads RESTV EBOV total (%) rRNA (%) MT (%)

Mock 3h 1 13 909 063 9 9 96 5.64 7.50
Mock 3h 2 16 388 319 8 8 96.3 5.96 7.02
Mock 3h 3 13 043 651 4 14 96.4 6.01 6.24
Mock 24h 1 23 137 302 6 8 96 4.73 7.45
Mock 24h 2 20 444 481 7 13 96.1 4.85 5.69
Mock 24h 3 15 642 097 4 9 96.3 5.95 5.15

RESTV 3h 1 19 497 826 2309 25 95.6 5.13 18.16
RESTV 3h 2 11 731 893 1260 15 95.8 6.08 13.81
RESTV 3h 3 20 287 357 2245 32 95.9 5.08 14.11
RESTV 24h 1 17 602 660 44769 157 96.5 6.18 13.18
RESTV 24h 2 23 428 788 54503 185 96.9 5.39 14.50
RESTV 24h 3 14 798 953 38303 118 96.3 6.31 13.02

EBOV 3h 1 16 993 685 36 489 96.6 5.66 25.03
EBOV 3h 2 15 998 337 30 401 96.8 5.21 17.19
EBOV 3h 3 14 830 357 26 480 96.7 5.71 16.79
EBOV 24h 1 16 543 657 562 118831 96 5.58 11.31
EBOV 24h 2 15 519 297 522 104581 96 5.01 19.08
EBOV 24h 3 9 698 044 277 57253 95.8 5.50 16.89

genome of the virus infected cells (see Tab.4.1 MT column) than in the mi-
tochondria genome of the uninfected cells. This suggests both Filoviruses
can trigger the expression of mitochondrial genes. In the THP1 cells at least
96 % of the reads were mapped for each treatment (Tab.4.2 total column). In
THP1 infected cells a higher amount of reads mapping to the mitochondria
genome was not observed. The increased expression of ncRNAs from the
mitochondria in HuH7 infected cells might be specific to the viral infection
in liver cells, such as HuH7.

For EBOV and RESTV infected cells, the number of reads mapping to
the viruses increased from 3 h p.i. to 24 h p.i. (see Tab. 4.1 and 4.2 columns
“RESTV” and “EBOV”). At 3 h p.i. HuH7 and THP1 cells had more reads
mapping to RESTV than to EBOV (Average in: HuH7, 1938 and 457; THP1,
2337 and 65 respectively). However, at 24 h p.i. the number of reads map-
ping to EBOV exceeded the number of reads mapping to RESTV (average in:
HuH7, 93555 and 45858; THP1, 30059 and 9272 respectively). This suggests
that RESTV can infect both cell lines efficiently, but is not able to replicate or
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Table 4.2: THP1 sequencing results. reads: total number of reads that were received
after sequencing; RESTV: number of reads mapping to RESTV; EBOV:
number of reads mapping to EBOV genome; total (%): percentage of reads
mapping to the input genome; rRNA %: percentage of reads mapping to
rRNA; MT (%): percentage of reads mapping to mitochondria;

infection time point replicate reads RESTV EBOV total (%) rRNA (%) MT (%)

Mock 3h 1 12 558 971 3 2 97.7 5.69 2.26
Mock 3h 2 13 778 743 1 1 97.5 5.21 2.16
Mock 3h 3 10 479 240 2 4 97.2 6.88 2.16
Mock 24h 1 12 095 333 1 11 97.1 3.36 1.56
Mock 24h 2 10 206 814 3 2 97.3 3.45 1.52
Mock 24h 3 13 178 371 5 2 97.2 3.32 1.05

RESTV 3h 1 12 777 540 2252 13 97.2 5.55 2.02
RESTV 3h 2 15 532 080 3192 21 97.4 3.95 1.52
RESTV 3h 3 7 805 396 1566 13 97 5.62 1.89
RESTV 24h 1 9 217 424 8855 83 98.6 4.18 1.57
RESTV 24h 2 9 113 946 9338 89 98.6 3.06 1.41
RESTV 24h 3 10 876 048 9622 65 98.7 3.38 1.25

EBOV 3h 1 14 937 502 13 72 98.6 5.53 2.73
EBOV 3h 2 14 004 962 7 50 98.8 13.77 1.98
EBOV 3h 3 10 731 754 7 73 98.6 5.1 1.70
EBOV 24h 1 9 774 072 66 31833 98.3 3.27 1.52
EBOV 24h 2 11 894 504 73 36664 96 4.13 1.15
EBOV 24h 3 9 360 129 39 21681 98.6 3.82 1.28

re-infect as fast as EBOV. This effect is stronger in THP1 than in HuH7 cells,
suggesting that the cell lines have different attributes which affect RESTV
life cycle. A few number of reads were found to map to the viral genomes
in the Mock treatment as well. Since these numbers do not change between
time points this might be an effect of the multimapping parameter or back-
ground.

The small RNA-Seq data shows EBOV and RESTV cause a different cellular re-
sponse at early infection in both cell lines

In order to understand the cellular response a de novo annotation of ncRNAs
based on the sequencing data was performed. This was necessary since the
current publicly available human annotation (referred to as public annotation)
only explained 50 % of the mapped reads. To assess the importance of the
newly annotated molecules, principal component analysis (PCA) was per-
formed with the public annotation and the full annotation (containing also the
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de novo annotated ncRNAs), using the 500 genes with the highest expression
variance (see fig. 4.1A–D). For both annotations, the replicates of each treat-
ment (EBOV, RESTV and Mock) cluster together independently of the cell
line. At 3 h p.i. in HuH7 cells RESTV and EBOV treatments cluster together
(see fig. 4.1A). In THP1 cells, at 3 h p.i. RESTV clusters together with Mock
(see fig. 4.1B). With the full annotation it is possible to discriminate better
between RESTV and EBOV treatments in HuH7 cells at 24 h p.i. as the PC1
range is broader, but not at 3 h p.i. (see fig. 4.1C). In THP1 cells, RESTV dif-
fers clearly from Mock at 3 h p.i. (see fig. 4.1D). Since the full annotation helps
to differentiate better between treatments and to get a more comprehensive
overview of the expression signal from each treatment, this annotation was
used for the rest of the analysis.

The PCA results suggest that there is a different cellular response against
EBOV and RESTV already at an early time point of infection. In THP1 cells,
this difference is observable already at 3 h p.i., where RESTV treatment is
not clustering with any other treatment. In HuH7 RESTV treated cells the
difference starts at 3 h p.i., but is more distinguishable at 24 h p.i. . However,
it is interesting to note the increased variance observed in THP1 cells after
the full annotation, which currently can not be explained.

4.1.2 THP1 and HuH7 cell lines share ncRNAs triggered by RESTV and
EBOV infection

HuH7 and THP1 cells were chosen on the basis of their different nature,
hepatome and macrophage-like respectively, which have been reported to be
first infection targets of EBOV [14–16]. Here the aim was to look for genes
which were responding in a similar way against either EBOV or RESTV infec-
tion (compared to Mock) in both cell lines, as this would point to a common
pathway independent of cell type, and only being virus dependent. After de
novo ncRNA annotation, ncRNAs which were triggered by either RESTV or
EBOV infection in both cell lines were identified. Most of these genes were
up-regulated in RESTV infection at 24 h p.i. in both cell lines, some already
at 3 h p.i. (see fig. 4.2, and supplementary table. 7.1 for an extended list).
Interestingly these genes show little or no differential expression in EBOV
infected cells (compared to Mock). Also, at 3 h p.i., the FC of RESTV treat-
ment (compared to Mock) is higher in THP1 cells than in HuH7. All the
above mentioned results suggest an early cellular response against RESTV
infection.
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Figure 4.1: Principal Component Analysis (PCA) based on the 500 genes with the
highest variance of the small RNA-Seq data based on the publicly avail-
able human annotation (A,B) and our full annotation (C,D). While com-
paring both annotations it is possible to discern better between treat-
ments in HuH7 (A,C) and THP1 cells with the full annotation (B,D).

snoRNAs expression discriminates better between RESTV and EBOV treatments

It was explored whether a specific family of ncRNAs is causing the different
cellular response to RESTV and EBOV infection by performing PCAs for
snoRNAs and miRNAs (see fig. 4.3). In HuH7 cells, the snoRNA expression
seems to be sufficient to discriminate between time points after infection in
general, and between RESTV and EBOV infected cells at 3 h p.i. (fig. 4.3A).
At 3 h p.i. RESTV and Mock treatments seem to be clustered together in PC1,
and differentiate better at PC2, and EBOV treatment clearly separates in
both components. At 24 h p.i. snoRNAs expression does not seem to vary
between RESTV and EBOV treatment, and Mock treatment clearly differs
from the infections at this time point. In THP1 cells, there was a similar
effect as in HuH7 cells, but less pronounced because the components values
are smaller (see fig. 4.3B). These results suggest that snoRNAs play a role
in the differential cellular response caused by RESTV and EBOV infections,
and mark a difference already at an early time point post infection. However,
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Figure 4.2: Heatmap of ncRNAs with the highest FC in both HuH7 and THP1 cells.

the variance in the PCA components is really small, suggesting that there
are more genes which do not show any variance than the ones that cluster
together. This can be of use for narrowing down the candidate genes which
differentiate both viruses.

Specific miRNAs are only triggered by RESTV

In contrast, miRNA expression cannot discriminate between treatments at
3 h p.i. (neither in THP1 nor in HUH7 cells), but discriminates time points
in HuH7 cells (see fig. 4.3C and D). At 24 h p.i. miRNAs show a difference
between RESTV and EBOV treatment in HuH7 cells, but the samples are
widely spread making it difficult to affirm this statement. However, the half-
life of miRNAs varies depending on location, function, condition, form, etc.
in a controlled and robust manner. Hence miRNA expression can vary be-
tween 1 h to days [64]. The presence of differentially expressed miRNAs
(only considering the ca. 2400 miRNAs annotated in miRBase [58]) was ex-
plored. This was done only with the known miRNAs to understand the pos-
sible implications of their differential expression. In total 31 known miRNAs
were found to be differentially expressed among all treatment comparisons.
From these, 4 miRNAs had a different expression profile between viral treat-
ments in HuH7 cells and 7 in THP1 cells (see fig. 4.4). In HuH7 cells hsa-miR-
27a-5p, hsa-miR-4443, hsa-miR-1275 and hsa-miR-23-5p are up-regulated in
EBOV treated cells at 24 h p.i. (see fig. 4.4 HuH7). The miRNAs hsa-miR-204-
5p (miR-204) and hsa-miR-10b-5p (miR-10b) are up-regulated in RESTV in-
fected THP1 cells since 3 h p.i. , pointing towards candidates of early cellular
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Figure 4.3: PCA of snoRNAs (A,B) and miRNAs (C,D) of HuH7 (A,C) and
THP1(B,D) cells. (A) HuH7’s snoRNAs can discriminate between time
points of infection, and between RESTV and EBOV at early time points
post infection. (B) THP1’s snoRNAs values indicate that this difference
is not as marked as for HuH7. (C) HuH7’s miRNAs are not clustering
nicely within the treatments, but between components it is possible to
discern time points and treatments. However, (D) THP1 miRNAs seem
to show no pattern due to the little variance.

response which could make a difference in the viral outcome. hsa-miR-33b-
5p and hsa-miR-3916 expression differs between RESTV and EBOV 24 h p.i.
infected THP1 cells (see fig. 4.4 THP1). Also, hsa-miR-1291, hsa-miR-3607-5p
and hsa-miR-3653-5p miRNAs seem to be triggered faster in EBOV treated
cells, because they are up-regulated after 3 h p.i. but in RESTV treated cells
after 24 h p.i. . These results suggest either RESTV and EBOV cell response
varies with speed, or RESTV is slower in triggering the response compared
to EBOV. The miRNAs, due to their broad range of effects, are good candi-
dates for exploring further their role in RESTV and EBOV differences.
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Figure 4.4: Heatmap of differentially expressed miRNAs. Here only miRNAs
present in miRBase database [58], and with a different expression profile
between RESTV and EBOV treatment are listed.

4.1.3 THP1 cells show that RESTV triggers a ncRNA-immune response
pathway

Since macrophages are one of the first targets of EBOV, THP1 transcriptome
response to the infection was particularly interesting. The expression pro-
file of the 80 genes with the highest differential expression against Mock in
THP1 cells was analyzed. Most of these genes are de novo annotated genes
(for genomic locations, please refer to the supplementary table. 7.2 and . 7.3).
In addition, there were three protein coding genes, namely CD28, IFIT2 and
CXCL10. This is unexpected because of the library preparation and count-
ing restrictions (for details refer to Methods). The library preparation fa-
vors only small RNA fragments (below 200 nt). CD28 and IFIT2 are above
the restricted size. Also, the library filters out mRNA degradation products,
because it only recognizes ncRNA-like 3’ modifications, which no mRNA
should have (TruSeq Small RNA kit from Illumina). These signals, then, do
not represent CD28 and IFIT2 transcripts. On a closer look, CD28 has a well-
defined block of reads mapping in Mock, which is up-regulated with a log2

fold change of ca. 3 in RESTV treatment 3 h p.i. compared to Mock. The read
distribution of CXCL10 and IFIT2 is more spread (see fig. 4.5), suggesting
the small reads being a product of degradation but from an ncRNA process.
CD28, CXCL10 and IFIT2 are immune related genes, and RESTV induces an
attenuated immune response compared to EBOV [30]. Along with our other
findings, RESTV might trigger an immune response mechanism which is
ncRNA regulated after early infection.

Based on the microarray analysis, CXCL10 and IFIT2 are downregulated
in EBOV treated samples compared to RESTV treatment at 3 h p.i. , with a
fold change of -4,49 and -3,88 respectively, but with p-value of 0.2, meaning
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the difference is not significant. The microarray probing for quantification
(probes are 60 nt), might correspond to the degradation products observed
via small RNA-Seq, which would not be exactly the same between replicates.
Thus, the microarray data was analyzed for a better understanding of these
values.
CXCL10 24h p.i.

IFIT2 24h p.i.

[0 - 27]

[0 - 38]

[0 - 23]

[0 - 46]

[0 - 23]

[0 - 46]

[0 - 40]

[0-23]

[0-23]

Figure 4.5: Visualization of reads from RESTV treatment mapping on IFIT2 and
CXCL10 in THP1 cells (based on IGV [65]). Draw bottom black line and
boxes represent exons/UTR based on the human annotation.

The presence of degraded products from immune genes in the smallR-
NAseq data only for RESTV infected cells would imply that RESTV is trig-
gering an ncRNA related pathway which is controlling the immune response
of the host. It was already shown that EBOV over stimulation of the immune
response is one of the reasons for its fatality effect [66]. It is possible that
ncRNAs could control this effect due to all their functions. This observation
would imply that ncRNAs could be determinant regulators for RESTV out-
come, and a possible tool to control EBOV symptoms. However, there is not
a previous report which could help to understand these results.

4.1.4 Microarray data shows early time point of infection as a common
feature between cell lines against a pathogenic virus

Here all coding transcripts were investigated and also long ncRNAs that are
significantly differentially expressed between treatments (EBOV vs. Mock,
RESTV vs. Mock, and EBOV vs. RESTV) and filtered based on signal
strength (for details see Methods). As a result, no gene was found that was
in both cell lines significantly differentially expressed between treatments.
For each cell line there were in total 14 genes to be significantly differen-
tially expressed between treatments (see fig. 4.6). In THP1 cells most of the
DEG show the major difference between RESTV and EBOV treatments at
3 h p.i. (see fig. 4.6). In HuH7 cells half of the significantly DEG showed that
RESTV and EBOV treatments differ at 3 h p.i. (see fig. 4.6 HuH7), but little
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is known about them. In THP1, KLK8 was found up-regulated in RESTV;
ZG16, ANKRD2 and SCN10A were found up-regulated in EBOV infected
cells at 3 h p.i. (see fig. 4.6 THP1.). These could be related to an entry pro-
cess, based on their function.

The ncRNAs and coding genes results indicate that the main difference
between EBOV and RESTV cellular response is at an early stage after 3 h p.i. .
This time point has not been previously studied for the comparison of these
viruses.
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Figure 4.6: Microarray heatmap shows at 3 h p.i. a consistent point of difference be-
tween cell lines with a log2FC> 2. (A) HuH7 shows different groups
of genes based on expression; next to the red bar are the genes which
clustered with the main difference at 3 h p.i. (B) THP1 shows most of its
highly differentiated genes at 3 h p.i., marked with the red bar.

4.2 RESTV vs EBOV: from assay establishment to evaluation of viral
compatibility

In order to produce the viral proteins directly in cells, and evaluate them,
one has to express them. The protein production and the system were al-
ready established for EBOV in the Virology Institute working group from
Marburg. The genome sequence of RESTV strain used in the infections for
this study was also available in the Institute. With RESTV sequence and the
constructs from EBOV it was possible to design the approach for the cloning
of the RESTV proteins inside mammalian expression vectors. Because SUDV
is phylogenetically closer to RESTV than EBOV [67], consumables available
for SUDV study were tested on RESTV (for details refer to the Material or
Methods section).

A first hint of EBOV and RESTV differences could be explored by the com-
parison of both virus proteins. Size, expression, abundance and sequence,
are the first hints of intrinsic traits that could be linked to pathogenicity.
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Compatibility between both viruses and components exchange, in different
study systems could give a hint of the properties of RESTV and EBOV pro-
teins.

In this section: First, the aim is to develop a standard procedure for RESTV
and EBOV comparison outside BSL4 conditions; second, to identify protein
differences between RESTV and EBOV while exchanging each viral compo-
nent and measuring the effect on different viral process; third, to evaluate if
the aa sequence of EBOV and RESTV proteins could explain virus incompat-
ibilities observed in the first and second points.

4.2.1 Antibody selection for RESTV studies

There are different techniques for protein quantification, such as western-
blot (WB) and silver gel, and for direct visualization, such as immunoflores-
cence (IF). These techniques give insight into the protein levels present in the
environment studied, which may be cellular lysate, compartment or super-
natant. The use of antibodies increases the specificity of the quantification
and it can also be the only approach for some conditions, such as cellular
protein measurement. Therefore, a proper analysis demanded antibody stan-
dardization for RESTV.

RESTV commercially available antibodies are against GP, hence the need
of testing SUDV and EBOV available antibodies for all other viral proteins.
Cells infected with RESTV were lysate and loaded in a 10% SDS gel for stripe
WB (details in Methods). Three monoclonal antibodies and four serums were
tested: 2C4, from mouse against EBOV mayinga VP40; B6C5, from mouse
against EBOV mayinga NP; 3B11, from mouse against EBOV mayinga GP;
Sudan, serum obtained from SUDV infected goat; Zaire, serum obtained
from EBOV mayinga infected goat; Ch-NP, serum obtained from chicken
vaccinated against EBOV mayinga NP; and Ch-VP40, serum obtained from
chicken vaccinated against EBOV mayinga VP40. 2C4, Sudan, Ch-NP and
Ch-VP40 were the only cross-reactive species with RESTV proteins, showing
the expected band size between 100 - 130 KDa for NP, and the ca 40 KDa band
for VP40 and lower bands for its other forms (see fig. 4.7). With these results
four antibodies were determined for testing the newly produced expression
plasmids for RESTV NP and VP40. RESTV GP and VP35 expected bands
size were also observed with Sudan, and identified as the additional bands
not observed with monoclonal antibodies (see fig. 4.7 line 4). Changing the
gel percentage did not improve the detection of RESTV VP30 or VP24 over-
expression in HEK293 cells with none of the serums (data not shown).
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In conclusion, it is possible to detect RESTV proteins with EBOV and
SUDV antibodies, SUDV being the most cross-reactive with RESTV. This
will help to identify specifically the RESTV protein expression and evaluate
them in further studies.

M 1 32 4 5 6 7

M = Marker 
1)  2C4: Mouse anti VP40 (1:200)
2)  B6C5: Mouse anti NP (1:200)
3) 3B11: Mouse anti GP (1:500)
4) Sudan: Goat serum (1:1000)
5) Zaire:  Goat serum (1:1000)
6) Ch-NP: Chicken anti NP (1:1000)
7) Ch-VP40: Chicken anti VP40 (1:1000)

130 KDa

100 KDa

55 KDa

NP

VP40

Figure 4.7: Stripe WB of RESTV with different available antibodies. Six antibodies
commonly used for EBOV and one for SUDV were tested. The stripe
blot shows in red rectangles the specific band for NP, VP40 and VP40
phosphorylated forms at the expected sizes. The numbers correspond
to "Name:Species anti protein (concentration)". 2C4, Sudan, Ch-NP and
Ch-VP40 were the only cross-reactive species with RESTV. The complete
protocol can be found in Methods.

4.2.2 Minigenome: viral transcription/replication shows minor differences
between RESTV and EBOV

The minigenome assay was used to evaluate MARV and EBOV transcrip-
tion/replication, and it was established with different protein concentration.
Then, it was necessary to test if EBOV established system and conditions
would also provoke an optimal result in RESTV developed system, and also
VP24 and VP40 decrease transcription/replication activity of EBOV tran-
scription/replication. This has not been tested for RESTV, but it would be
expected that other intrinsic protein effects are similar between both viruses.

Here is studied: First, the amount of viral constructs needed to pro-
duce the highest signal for RESTV minigenome; and second, the effect of
exchanging different viral components on transcription/replication in the
minigenome context. The reporter activity signal of native components only,
based on the minigenome origin, was considered as 100%, and used to cal-
culate the relative reporter signal of each plasmid combination in each in-
dependent replicate. The lack of the polymerase (L) was used to determine
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the background signal. Each protein plasmids combination’s effect was com-
pared to the viral based component mix and their significance calculated
with Anova.

RESTV minigenome establishment:EBOV unaltered minigenome protocol works the
best with RESTV

Different plasmid amounts from RESTV viral components were tested
around EBOV established protocol. This was done to determine the func-
tionality of the system for RESTV, and to establish the method for studying
and comparing EBOV and RESTV transcription/replication. EBOV plasmids
concentrations were used as reference for all minigenome assay. Only the
plasmid concentrations of RESTV proteins NP, VP35 and VP30 were varied
below and above the reference concentration values. The polymerase plas-
mid amount used for the assay was 1 ug in EBOV and MARV systems, so it
is expected to be the same for RESTV, and it was not tested. The MG reporter
activity will be used as point of comparison between RESTV and EBOV in
further experiments. Then the concentration of this construct was left as orig-
inally to avoid the introduction of more variables.To prevent the influence
of the amount of foreign DNA affecting the cell, an empty DNA vector was
also transfected to compensate the concentration changes here tested.

EBOV established minigenome setup seemed to work with RESTV com-
ponents. None of the plasmids’ concentrations tested improved RESTV MG
reporter activity significantly compared to the plasmids’ concentrations used
for EBOV MG assay. However, a reduction from 125 ng to 100 ng of RESTV
NP construct did reduce the reporter activity in ca. 20% (see fig. 4.8 and
supplementary table 7.4). An increase of RESTV VP30 from 100 ng to 200 ng
also reduced RESTV MG reporter activity in ca. 20%. It is possible that more
than one of the proteins needs to be adjusted to see a significant positive ef-
fect. For example, in fig. 4.8 NP increase and VP30 reduction could improve
the reporter activity. Therefore, also tested was an increase of RESTV NP
construct (250 ng) and a reduction of VP30 (70 ng), but there was not a sig-
nificant change observed on RESTV MG reporter activity (data not shown
with n=2).

These results show that it is possible to use EBOV MG assay setup to
study RESTV transcription/replication Also, the changes on the amount of
construct here tested do not improve RESTV reporter activity, suggesting
RESTV and EBOV need a relatively similar amount of proteins for transcrip-
tion/replication. However, it is worth mentioning that the base level of 100%
for RESTV was lower than EBOV.
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Figure 4.8: RESTV minigenome relative reporter activity comparison with different
RESTV components concentrations. EBOV established concentrations of
minigenome components were used as reference for RESTV MG (R: first
column to 100%). NP, VP35 and VP30 concentrations were varied below
and above EBOV optimized concentrations and minigenome reporter
activity was measured and calculated relative to R. The graph shows the
average(dot) and variance (line) for n=3-4 replicates measured relative
to 100% activity of the ratio from MG reporter activity and FF luciferase.
The significance of the values measured differing from the 100% based
on EBOV plasmids quantities was calculated with Anova where ** =
pval < 0.01. Only RESTV NP concentration reduction and RESTV VP30
concentration increase affected negatively RESTV minigenome activity.
The values plotted come from supplementary table 7.4.

Transcription/replication components evaluation: RESTV NP does not interact prop-
erly with EBOV VP35

The classic minigenome assay was used to evaluate transcription/replication
activity on different RESTV and EBOV protein combinations. EBOV MG
reporter activity does not get affected when exchanging EBOV VP30 or VP35
for RESTV VP30 or VP35, but seems dead when exchanging EBOV NP or
L for RESTV NP or L accordingly. However, RESTV VP35 together with
RESTV L and EBOV NP, VP30, and MG, recover the reporter activity (see
fig. 4.9 A), suggesting RESTV L is not able to interact properly with EBOV
VP35, but EBOV L is able to interact properly with RESTV VP35. RESTV
NP negative effect on EBOV MG reporter activity was counteracted when
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RESTV VP35 and L were also included in the system (see fig. 4.9 A). These
results suggest RESTV NP and EBOV NP differ in more than one protein
domain affecting some interaction. RESTV MG reporter activity does not
seem affected by exchanging RESTV NP or VP30 for EBOV NP or VP30
accordingly, but it gets reduced with EBOV VP35 instead of RESTV VP35,
and is almost dead when RESTV L is exchanged for EBOV L (see fig. 4.9 B).
EBOV L and EBOV VP35’s negative effect on RESTV MG reporter activity
seems to be compensated when EBOV NP is also present (see fig. 4.9 B).

Altogether, it seems RESTV NP does not interact with EBOV L in the
absence of RESTV VP35. This suggest RESTV NP needs RESTV VP35 for
a proper interaction with the polymerase. Also, VP35 interaction with NP
differs between both viruses. However, EBOV NP seems to interact with
RESTV L and VP35 without affecting transcription/replication. Furthermore,
VP30 can be exchanged between both viruses without affecting the reporter
activity in the transcription/replication context (see fig. 4.9).

Minigenome inhibitors: VP24 is the only viral protein impairing transcription/repli-
cation consistently

The minigenome assay was adapted to study the effect of ebolavirus proteins
GP, VP40 and VP24, which include the reported transcription/replication
inhibitors VP24 and VP40 [23, 68]. HuH7 cells were transfected with each
of the different plasmids codifying for the viral proteins. The minigenome
refers to the components necessary for transcription/replication from only
one virus. An empty plasmid was added to compensate the cell stress on the
100% optimized plasmid combination which had no extra viral component
included.

It was observed that VP24 significantly inhibits transcription/replication
activity independently of the viral protein origin or target (see fig. 4.10).
VP40’s effect on transcription/replication is not significant in RESTV and
EBOV, independently of the source or target of the VP40 construct used.
Moreover, GP seems to increase the reporter activity of both viruses, but
the high variance makes only RESTV GP on RESTV minigenome context
significant. GP effect could be related to its capability to form vesicles and
transport cellular material, in this case viral components.

Because there was to be expected a reduction of the MG reporter activ-
ity on the presence of VP40, the amount of NP and VP40 of the transfected
cells was measured. The sample where there is a positive reporter activity in
EBOV has a stronger band for NP than VP40, suggesting the result could be
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Figure 4.9: Minigenome reporter activity measurement after exchanging protein
components between EBOV(Z) and RESTV (R). The graph shows the
average(dot) and variance (line) for n=3 replicates measured relative to
100% activity of only Z (A) or only R (B). The significance of the values
measured differing from the 100% optimized plasmid combination was
calculated with Anova where ** = pval < 0.01. (A) EBOV minigenome re-
porter activity under the influence of different protein combinations of
Z and R in the Minigenome assay context. The polymerase from RESTV
seems not to recognize EBOV minigenome without RESTV VP35. RESTV
NP seems to interact poorly or less efficiently with EBOV VP35 and
L. The values plotted come from supplementary table 7.5 (B) RESTV
minigenome reporter activity under the influence of different protein
combinations of Z and R in the Minigenome assay context. The poly-
merase (L) from EBOV seems to not recognize RESTV minigenome with-
out EBOV NP. Also, it seems EBOV VP35 does not interact efficiently
with RESTV components. The values plotted come from supplementary
table 7.6.
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dependent on the ratio NP/VP40 (results not shown) . It seems there is a di-
rect effect on NP/VP40 ratio which determines transcription/replication for
EBOV, and not for RESTV minigenome. This would suggest that the inter-
action NP/VP40 from RESTV could be different. Also, the previous reports,
where the effect of VP40 on transcription/replication were observed, were
mainly done in HEK293 cells [23], suggesting this effect could also be cell
line dependent. The difference between viral GPs might be related to the
higher cytotoxicity of EBOV GP compared to RESTV GP ([31]).

4.2.3 Major difference between EBOV and RESTV found on protein incor-
poration into filamentous particles

A viral infection and a transfection do not produce the same amount of
infectious particles. A cellular transfection for iVLP production results with
the release of a variety of particle forms, not all infectious. To produce iVLPs
it is not necessary to have all seven viral proteins, mainly GP, for infecting
new cells, and VP40 for forming the matrix, but NP determines what it is
included into the particle. Therefore, the ratio between the proteins which
form the iVLPs is of relevance for an optimal infection.

Virus filamentous particles composition of RESTV and EBOV

The protein ratio of EBOV and RESTV filamentous particles was not previ-
ously compared. The use of antibodies to compare them can lead to bias
due to the sensitivity or specificity to the different species. Silver gel protein
staining is a sensitive unspecific technique which allows the visualization
of proteins from a sample. Silver gel quantification was performed to de-
termine the protein composition of EBOV and RESTV produced particles
(collected from supernatant). EBOV Mayinga, used in all the present study,
has a higher fatality rate than the recent strain, and causative of the 2014
outbreak, EBOV Makona strain [69]. Therefore, it is expected that compar-
ing the ratios of both EBOV strains with RESTV could highlight differences
related strictly to the species’ pathogenicity.

Supernatant from cells infected with EBOV strain Mayinga, EBOV strain
Makona, and RESTV were concentrated and boiled for SDS gel run. The
bands observed in the SDS gel after the silver staining correspond to the
viral specific sizes of GP, NP, VP40 and VP24 proteins (see fig. 4.11). After
determining the proteins’ correspondent band, they were quantified and the
protein ratios were calculated.
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Figure 4.10: Minigenome reporter activity measurement after the addition of viral
transcription/replication inhibitors between EBOV(Z) and RESTV (R).
The graph shows the average(dot) and variance (line) for n=3 replicates
measured relative to 100% activity of only Z (A) or only R (B). The
significance of the values measured differing from the 100% optimized
plasmid combination was done with Anova where ** = pval < 0.01. (A)
EBOV minigenome reporter activity under the influence of different
protein inhibitors of Z and R in the minigenome assay context. The val-
ues plotted come from supplementary table 7.7 (B) RESTV minigenome
reporter activity under the influence of different protein inhibitors of Z
and R in the Minigenome assay context. The values plotted come from
supplementary table 7.8.
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Table 4.3: Protein ratio calculation from RESTV and EBOV strains Makona and
Mayinga. The values are based on the silver gel from figure 4.11.

RESTV EBOV Makona EBOV Mayinga

GP/NP 1.16 1.95 0.56
GP/VP24 0.352 4.6 0.55
VP40/VP24 3.712 8.57 2.71
GP/VP40 0.09 0.54 0.2
VP24/NP 3.29 0.42 1.008
NP/VP40 0.08 0.27 0.205

It was observed that the amount of GP in reference to NP protein (GP/NP)
is relatively more similar between RESTV and EBOV Makona (more GP than
NP) compared to EBOV Mayinga (more NP than GP). Interestingly, RESTV
and EBOV Mayinga share a relatively similar ratio between GP and VP24
proteins (GP/VP24), with more VP24 than GP, compared to EBOV Makona,
with more GP than VP24. In RESTV, and both EBOV strains there is more
VP40 than VP24 (VP40/VP24) incorporated into the filamentous particles,
but the values go in the direction EBOV Mayinga < RESTV < EBOV Makona,
showing RESTV and EBOV Mayinga with relatively more similar values.
Also, in RESTV, EBOV Mayinga and Makona there is more VP40 than GP
incorporated inside the filamentous particles, although the values do discern
having RESTV the lowest amount of GP compared to VP40 incorporated
in filamentous particles. EBOV Mayinga seems to have the same amount
of VP24 and NP proteins incorporated into the filamentous particles, but
RESTV has much more VP24 than NP, and EBOV Makona has more NP
than VP24. NP/VP40 ratio is the only value where both EBOV strains are
relative similar and RESTV differ the most (see table 4.3).

These results suggest the relative amount of viral proteins incorporated
into the filamentous particles could play a role in pathogenicity. The pro-
teins which seem to determine the pathogenicity or infectivity are the viral
proteins NP, VP40 and GP, being the only ratio NP/VP40 where both EBOV
strains are really similar. Also, with the viral relative amount of protein in-
corporated into the filamentous particles, it is possible to investigate if the
iVLP assay system is properly developed for RESTV. However, these values
have to be taken carefully, because the Silver gel sensitivity changes depend
on the amino acid composition.
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Figure 4.11: Silver gel of collected supernatant from cells infected with RESTV,
EBOV (Makona and Mayinga). The gel observed is representative of
3 different runs

Filamentous particle release: RESTV NP is found in low amounts in filamentous
particles

As mentioned above, there is a reduced incorporation of NP into RESTV pro-
duced viral particles, compared to EBOV. This would imply RESTV forms
more empty particles than EBOV. Explored here is if the involved proteins
on the particle formation can interact properly and if there is a protein lim-
itation for the deficient assembly. This is addressed by the production of
filamentous particles formed by GP, VP40 and NP in HuH7 cells. It is also
investigated if the exchange of proteins between both viruses affects the in-
corporation of NP in the infectious particles. The filamentous particles were
run in a 10% SDS gel and stained with silver. This was done to compare the
protein amounts without introducing a sensitivity and specificity bias.

Both virus form VLPs which fall into the infectious category, because they
are found in the fractions 4 to 6 of the supernatant purification (see fig. 4.12 A
first two columns). GP is visible in fractions 4 to 6 from the tested protein
combinations. It seems EBOV GP is recurrently more abundant, because the
signal is stronger. NP band is faint compared to GP band. RESTV NP seems
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smaller and less abundant. These traits suggest RESTV NP might be less
incorporated into the VLPs. Yet, RESTV NP seems more abundant when
EBOV VP40 is also present (see fig. 4.12 A). Moreover, RESTV VP40 band
runs above EBOV VP40 band. This difference represents on average 3 KDa
more in RESTV VP40 (could be due to the extra 5 aa in the C terminus).
To corroborate the specific bands, the same samples were run and stained
with different antibodies. It was possible to confirm the size of VP40 and to
show RESTV NP is more prominent when also EBOV VP40 is present (see
fig. 4.12 B). The cells used for producing VLPs were also collected and ana-
lyzed to confirm NP presence in the experiments. NP is visible in every com-
bination in the cell lysates, and shows the slight size difference mentioned
above (see fig. 4.12 C). RESTV NP was present in low amounts in fractions 4
to 6, but was clearly visible in fractions 1 to 3 (see fig. 4.12 C), where smaller
filaments, most not infectious are present.

Altogether, it was possible to form and collect filamentous particles from
RESTV. As with the virus filamentous particles, there is more VP40 than NP,
implying the composition of the filamentous particles of the iVLP system is
similar to the filamentous particles formed by the virus. These results sug-
gest RESTV NP is able to go to the supernatant, but it does not assemble with
VP40 in an efficient manner. However, there are more components involved
in the formation of a virus infectious particle which could also contribute to
the observed differences.

Transcription and replication in iVLP context: NP exchange affects both viruses

The incorporation of RESTV NP into the filamentous particles could be im-
proved with another viral protein from RESTV or EBOV, such as VP24 and
VP35 which transport the nucleocapsid (NC) around the cell [22]. There-
fore iVLPs were produced with the minigenome, VP30, L, and VP35 from
the same species, and GP, NP, VP24, and VP40 were exchanged between
RESTV and EBOV. The relative reporter activity was measured, the ratio
of minigenome activity signal and firefly signal, and it was compared to
100% EBOV or RESTV alone. The significance of the differences between
protein combinations was tested with Anova. As observed previously, NP
from RESTV combined with EBOV components does not show a reporter
activity (see fig. 4.13 left). Also, EBOV NP seems to decrease the reporter
activity of RESTV minigenome in a significant manner (see fig. 4.13 right). It
would look as if RESTV VP24 affects EBOV minigenome, and EBOV VP24
and GP also affect RESTV minigenome activity, but this difference is not
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Figure 4.12: iVLP preparation with different combinations of NP, GP and VP40 from
RESTV (R) and EBOV (Z) in HuH7 cells. (A) Silver staining of fractions
4 to 6 from VLPs supernatant: GP and VP40 are clearly visible inde-
pendent of the combination. RESTV NP is not easy to identify. (B) Blot
staining with Ch-NP and Sudan antibodies of fractions 4 to 6 from
VLPs supernatant. EBOV NP is clearly visible, but RESTV has a faint
signal. (C) Blot staining with Sudan antibody of cells transfected with
the different protein combinations for VLP production. It is possible to
identify RESTV and EBOV NP in every combination (D) Blot staining
with Sudan antibody of fractions 1 to 3 of all the combinations contain-
ing RESTV NP. It is possible to clearly observe NP. *All these images
correspond to the same experiment.

significant. Already, VP24 has been shown as a strong inhibitor of the tran-
scription/replication independently of the viral source combination. This
can be explained by the relative amounts used of VP24 for each case. Also,
the exchange of VP40 had no effect on the reporter activity of RESTV and
EBOV MG.

Further, the iVLPs were purified and only the filamentous particles were
used for infecting new cells; then, it was evaluated how functional the newly
formed particles are. Knowing that the exchange between NPs reduces tran-
scription/replication could give an indication of the process that is being
affected by NP. It is expected to measure no minigenome reporter activity
on the infected cells if there was no replication, or not a proper interaction
between NC components. If the reporter activity in the producer cells is de-
creased and there is not a negative effect on the infectability of the particles,
this would imply a transcription deficiency, based on a certain viral protein
combination, but a proper replication.
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Figure 4.13: Relative reporter activity of minigenome during the production of
iVLPs in HuH7 cells. All seven ebolavirus proteins were transfected
into HuH7 cells and the minigenome reporter activity was measured.
GP, VP40, VP24 and NP were exchanged between EBOV (Z) and RESTV
(R) to evaluate the effect on transcription/replication when all viral
components are included in the system. The graph shows the aver-
age(dot) and variance (line) for n=3 replicates measured relative to
100% activity of only Z (left) or only R (right). The significance of the
values measured differing from the 100% optimized plasmid combina-
tion was done with Anova where ** = pval < 0.01. The values plotted
come from supplementary table 7.9.

iVLP infectivity: EBOV NP and VP40 can improve RESTV infection rate

It was possible to collect iVLPs from every combination of EBOV and RESTV
proteins. The amounts of the proteins inside the iVLPs changed, but the
effect on the infection needs to be evaluated. The minigenome represents
the viral RNA, which needs to be properly assembled into the NC in order
to be incorporated into the viral particles. Without a proper inclusion of the
viral RNA into the particles it is not possible to have a continuous infection.
Therefore, it was checked to see if there were copies of the minigenome
incorporated into the iVLPs by using them for infecting HuH7 cells which
were actively producing EBOVs NP, VP35, VP30 and L. It was only tried
with EBOV proteins on both RESTV and EBOV minigenome, because the
outcome of the reporter is higher, suggesting less false negative results.
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It was observed that the signal of EBOV minigenome was always found
when combined with all EBOV proteins (see table.4.4). This did not change
when RESTV VP40 or RESTV GP was used with EBOV remaining proteins.
EBOV minigenome was not found in one of the four infections of VLPs
formed with RESTV VP24. This could be due to a handling error, or the
ability of VP24 to affect the transport of the NC to the membrane. Moreover,
EBOV minigenome signal was not observed when RESTV NP was used for
producing the EBOV iVLPs in any of the replicates. The NC (which trans-
ports the RNA) needs to interact with VP40 in order to introduce the RNA
into the VLPs. In order to discard the interaction of RESTV NP with EBOV
VP40 as a factor, it was also tested exchanging EBOV VP40 and NP for
RESTV VP40 and NP in EBOV context. There was no reporter activity in
the cells infected with the filamentous particles formed by RESTV NP and
VP40 with EBOV remaining proteins in any of the replicates (see table 4.4
EBOV minigenome).

RESTV minigenome signal was observed only in half of the replicates
where cells were infected with RESTV iVLPs. This value did not change
with the exchange of NP, GP or VP24 from RESTV to EBOV (see Table 4.4
RESTV minigenome). However, the minigenome signal did decrease when
EBOV VP40 was used instead of RESTV VP40, suggesting there is indeed
not a proper interaction between RESTV NP and EBOV VP40. And the MG
signal also increased when NP and VP40 from EBOV were used instead of
RESTV’s.

The NC surrounds and incorporates into the VLPs the negative strand
of the minigenome, or viral RNA. The absence of reporter activity in the
infected cells suggests the minigenome RNA was not properly incorporated
into the NC. In the previously mentioned results it was possible to determine
that RESTV NP in EBOV minigenome context decreases significantly the
reporter activity. Both results (iVLP and minigenome) support a deficiency
on minigenome replication or NC formation when RESTV NP is present.
This reinforces the possibility that RESTV produces more empty particles.
Further, live cell imaging (LCI) was used to evaluate the NC movement on
the different viral protein combination, and it was checked to see if this is
the limiting factor for the empty particle formation.
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Table 4.4: iVLP infection ratio in HuH7 pre-transfected cells with EBOV NP, VP35,
VP30 and L. Different combinations of RESTV (R) and EBOV (Z) pro-
teins were used for iVLP production. These were used for infecting pre-
transfected cells and to measure the reporter activity. The rate of infection
was calculated from at least three replicates, the numbers represents the
proportion of replicates which was positive.

EBOV minigenome

protein species source

NP Z R Z Z Z R Z
VP40 Z Z R Z Z R Z
GP Z Z Z R Z Z Z
VP24 Z Z Z Z R Z Z
noL Z

Infection rate 1.00 0.00 1.00 1.00 0.75 0.00 0.00

RESTV minigenome

protein species source

NP R Z R R R Z R
VP40 R R Z R R Z R
GP R R R Z R R R
VP24 R R R R Z R R
noL R

Infection rate 0.50 0.50 0.30 0.50 0.50 1.00 0.25

4.2.4 RESTV NP and EBOV VP35 do not form a stable NC

RESTV NP incorporation into the filamentous particles could also be limited
by the NC movement. The transport of the NC around the cell would deter-
mined the amount of particles which get to reach the membrane. LCI was
used to address the effect of RESTV NC movement in the incorporation of
NP into the filamentous particles. Also NC protein components from EBOV
and RESTV were combined to see if RESTV NP and EBOV VP35 failed to
interact not only for transcription and replication but also for transport.

It was possible to observe in almost every viral protein combination that
the NC was following long trajectories which, depending on the setup, were
varying with length, speed and cell location (see fig. 4.14). Based on the
Maximum intensity projection (MIP), most protein combinations between
RESTV and EBOV are able to form long NC trajectories, but not RESTV
NP and EBOV VP35 (see fig. 4.14). In fig. 4.14 there is an example of NC
track or movement for each protein combination which was followed with
a red line. However, it was not possible to identify any trajectory in the
combination of RESTV NP with EBOV VP35 and VP24, but the particles
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had a "wobbling" movement. Also the combination of RESTV NP, VP24 and
EBOV VP35 showed short trajectories, suggesting RESTV VP24 is able to
compensate in some degree for the lack of interaction between RESTV NP
and EBOV VP35.

NP
VP35
VP24

R

R
R

R
R
Z

R
R

Z

R
Z
Z

R

R
Z

Z
Z
Z

NP
VP35
VP24 R

Z
Z

R
Z

Z

Figure 4.14: Maximum intensity projection of moving nucleocapsids(NC) formed
with different combinations of NP, VP35 and VP24 from RESTV (R)
and EBOV (Z). The red lines show an individual trajectory. The white
bar below each cell represents 10 uM. RESTV NP and EBOV VP35 do
not form trajectories.

For a more objective and detailed evaluation of the particles’ movements,
the programs from Andreas Rausch were used. With the programs it was
possible to evaluate, for most particles, the distance they move in total (Dis-
tance), the speed of most of the particles (Velocity), and an estimate of the
displacement from the origin of travel, and to plot the values with their
mean and media (see fig. 4.15). Also, three additional setups, with no NP, no
VP35 and no VP24 are included as negative controls. Without the addition
of NP it is not possible to form a NC, but because VP30 (reporter gene) can
interact with VP35, and VP35 with VP24, it would be possible to observe the
movement of particles. A signal showing movement from VP35, VP30 and
VP24 combination might show an intermediate state of the viral assembly or
the proteins effect/interactions in/with the host cellular components. With
these three negative controls the parameters were selected for filtering out
static particles to reduce noise and also for computer requirements. Previous
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reports suggest positive NCs travel at a speed of at least 85 nm/s [22], but
it was observed that long trajectories were filtered out with this parameter.
A lower speed of 65 nm/s and a displacement movement of 4 were chosen
for filtering the particles (see fig. 4.15 A). The speed filter is confusing, and
can be controversial and therefore a second filter based on the displacement
alone (above 4) was also applied (see fig. 4.15 B).

With the double filter (speed and displacement) there were no observed
particles moving in the absence of VP35. However, with the absence of NP
or VP24 one can observe a wobbling movement, suggesting either the need
of VP35 for the direct contact with the actin filaments for the NC movement,
and NP and VP24 for the stabilization of the NC, or that VP30 needs VP35
for coupling to the NC and to move with it around the cell. With only the
displacement filter it is possible to find particles which moved at a speed of a
reported positive NC (above 85 nm/s [22]) on all the negative controls. This
would imply that the use of the speed is indeed unreliable to discriminate
positive NC movement because of the intrinsic membrane movement, cell
activity and cytosol crowding. Moreover, it was interesting to observe that
the distance of the overall number of particles does not seem to be a good
indicator for NC positive movement, independent of the filter. This could
be explained because of the inclusion of every particle movement and not
because of the displacement from the initial position. Nevertheless, there is
a clear difference in the distribution of values between the expected control
negatives and all other combinations. Also, the constant production of viral
proteins inside the cell causes during the LCI the observation of different
steps or stages of the NC assembly and transport at the same time. It is
possible to restrict the values even more, but this would depend on what
one is looking for and the aim of the study.

Based on the MIP long trajectories were not observable where RESTV NP
and EBOV VP35 were combined. Also, with the overall analysis of the par-
ticles it is possible to say that there is movement and displacement of parti-
cles where RESTV NP and EBOV VP35 were combined. This would suggest
RESTV NP and EBOV VP35 do not hold a stable structure, but are able to
interact in a less efficient manner and fulfill their function in the NC con-
text. However, the LCI method needs an over-expression of all the proteins,
saturating them in the cell, probably "forcing" contacts. Moreover, the val-
ues of the plasmid combinations which include RESTV NP and EBOV VP35
are really similar to the combination EBOV NP and VP35 and RESTV VP24.
This is interesting because based on the MPI there are clear long trajectories.
The MPI is done with the software accompanying the microscope used for
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acquiring the data, directly on the analyzed pictures. LCI is based on picture
acquisition taken every set amount of time, in this case every two seconds for
three minutes, and really fast molecules are traced as dots in a row instead
of a line. The numbers come from an independent software written by col-
laborators. A hand evaluation of each experiment shows there is still a need
for improving the scanning of the pictures to automatize the process. It is
also necessary to reduce the time between acquisitions to avoid the dot-like
trajectories, that are consider by the collaborator’s software as interrupted
or individual sequences, and now only able to be recognize during the man-
ual scanning. Therefore, the difference between MPI and the numbers could
correspond to a software difference.

In summary, the LCI results are in accordance with the minigenome and
iVLP results, where RESTV NP is the limiting factor for RESTV processes.
There could be compensatory mutations in RESTV proteins to maintain their
interactions but it is interesting to find that RESTV can improve different
functions with EBOV NP.

4.2.5 Cell entry: EBOV releases its content into the cytosol faster than
RESTV

The small RNA-Seq data consistently showed that the leading difference
between EBOV and RESTV infection is the robust response against RESTV
since 3 h p.i. which seems to be progressive. In contrast, EBOV shows a more
clear difference between the time points than against Mock at 3 h p.i. The mi-
croarray data supports the observation that the biggest difference in cellular
response against RESTV vs. EBOV is at 3 h p.i. Few processes are expected
at such an early time point of infection, which would go from plasma mem-
brane contact to viral content release into the cytosol. Due to the differences
until now observed it is hypothesized that both virus differ on their entry
to the cell. In the previous sections almost every viral component which af-
fects different stages of infection was evaluated but not GP, the component
directly responsible for infection and entry. To test if there is a distinction
at the early stage of infection between both viruses, an entry assay adapted
from [50] (see fig. 4.16 A) was used. This measures the time the virus needs
for releasing its content into the cytosol. Briefly, filamentous iVLPs contain-
ing EBOV NP, VP40, VP30 fused to a luciferase (VP30-FF) and EBOV GP
or RESTV GP (see fig. 4.16 B) were purified and used for infecting HEK293
in suspension. At the indicated time point the cells were put on ice and
luciferase signal was measured. If the content of the filamentous particles
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Figure 4.15: Detailed evaluation of chimeric RESTV (R) and EBOV (Z) NCs. Every
blue dot represents a NC, the red X represents the mean of all particles
and the + the median. (A) NC with a Velocity below 65 nm/s and Dis-
placement measurement below 4 were filtered out. (B) Particles with a
displacement below 4 were filtered out. The values were chosen based
on the negative controls (missing one of NP, VP35 or VP24).

is released into the cell the luciferase signal can be measured. First, it was
checked to see if the filamentous particles formed with RESTV GP and EBOV
GP differed in GP or VP30-FF content. The VLP production was similar for
the different virus GPs, which was measured using silver gel. Also the lu-
ciferase signal of the VLPs lysates of the different VLPs was measured with
a luminometer and showed similar values (data not shown).

EBOV released its content into the cytosol almost two times faster than
RESTV (see fig. 4.16 C). Both viruses seemed to enter between the first and
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second hour after infection. In summary, EBOV GP promotes a faster entry
into the cell than RESTV GP.
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Figure 4.16: Entry assay result summary. The entry assay shows EBOV that releases
its content faster than RESTV. A: Graphical overview of the assay. B:
VLPs composition used for the comparison of RESTV and EBOV. C:
Result based on three replicates shows consistently that based on GP
the viral release is faster only in EBOV containing GP VLPs (ZGP) than
RESTV (RGP). The colored lines show the background, which was sim-
ilar for ZGP and RGP.

4.3 Ebolavirus intrinsic differences

4.3.1 Bioinformatic protein comparison: Conserved amino acids in
ebolaviruses are not entirely shared with RESTV

In the previous section EBOV and RESTV proteins were identified whose
interactions might affect different viral processes. The differences were pin-
pointed based on RESTV and EBOV compatibility, and were narrowed down
to NP, VP35, L and VP40 protein interactions. The protein aa sequence could
give a hint of the differences between the Ebola viruses. Here the aa are
evaluated which differ between RESTV and all other ebolaviruses for the
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proteins of interest (NP, VP35, L and VP40). For this analysis more than one
sequence of each species was considered (see Materials and Methods) except
for TAFV which had only one sequence available.

RESTV NP aa sequence differs in 18 positions which are conserved in
all other ebolaviruses; RESTV VP35 has 14 positions; and RESTV VP40 has
8 positions and has additional 5 aa in the C-terminus that do not exist in
EBOV VP40. Based on the differences observed in the aa sequence of NP,
the C-termini could be less acidic in RESTV. It contains in this region two
glutamic acids which are less acidic than aspartic acid, which is contained
in all the other ebolavirus species (see Table 4.5). Also, based on the analysis
of NP residues 439-492 and 589-739 EBOV NP has a stronger charge than
RESTV. The RESTV VP40 additional aa would partially explain the running
behavior in the SDS page gel, which shows RESTV VP40 band size above
EBOV VP40 band.

The polymerase L is the biggest protein of ebolaviruses with 2212 aa. The
amount of differences between RESTV and EBOV was not limited to single
aa exchange, but also contained insertions/deletions. From all the single aa
exchanges in the whole protein, Alanine (A) to Serine (S) and S to A were
the most abundant changes in RESTV, but conserved in all other ebolaviruses
(see Table.4.6). The region between the residues 280-370 was also evaluated,
because of its role in L function [70]. Seven residues were conserved among
all ebolaviruses, but not shared with RESTV (EBOVpositionRESTV): L289V,
L290I, Y318F, A332S, T336, E356D and T367S. The specific differences could
explain the impaired EBOV and RESTV protein interactions and are further
addressed in the discussion.

4.3.2 Ebolavirus non-coding regions comparison: RESTV and EBOV con-
tain putative functional ncRNAs

The smallRNAseq data set comprised not only host RNA, but also viral
RNA. The multimapping parameter also allowed the identification of ho-
mologous regions between RESTV and EBOV viruses. These regions overlap
with transcription start sites (TSS), which are located in intergenic secondary
structures already reported to be conserved among ebolaviruses [71] So far
there is not a complete understanding of these regions, but some are consid-
ered "helpers" of genomic replication [19]. The library preparation used for
sequencing would imply that the TSS covered by reads are processed and
would have an ncRNA function. With this data it was possible to confirm
the presence of viral particles from RESTV and EBOV inside the cells since
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Table 4.5: NP, VP35 and VP40 amino acids which are conserved among different
ebolavirus species but differ only in RESTV

RESTV EbolaviruSerine (S) Position

NP

Threonine (T) Serine (S) 30
Lysine (K) Arginine (R) 39
Serine (S) Proline (P) 42
Valine (V) Isoleucine (I) 56;570
Isoleucine (I) Valine (V) 64
Leucine (L) Methionine (M) 137
Tyrosine (Y) Phenylalanine (F) 212
Alanine (A) Serine (S) 279
Asparagine (N) Lysine (K) 416
Glutamine (Q) Tyrosine (Y) 421
Glutamic acid (E) Aspartic acid (D) 426;446
Isoleucine (I) Threonine (T) 454
Glutamic acid (E) Glycine (G) 517
Serine (S) Threonine (T) 568
Threonine (T) Proline (P) 607
Asparagine (N) Glycine (G) 729

VP35

Serine (S) Glutamine (Q) 50
Glutamic acid (E) Aspartic acid (D) 54
Asparagine (N) Threonine (T) 79
Alanine (A) Serine (S) 84;15
Isoleucine (I) Valine (V) 85
Serine (S) Alanine (A) 86
Valine (V) Threonine (T) 87
Aspartic acid (D) Glutamic acid (E) 88;243
Lysine (K) Glycine (G) 89
Valine (V) Alanine (A) 90
Alanine (A) Valine (V) 91
Lysine (K) Glutamine (Q) 92

VP40

Valine (V) Threonine (T) 45
Threonine (T) Proline (P) 85
Isoleucine (I) Threonine (T) 105
Valine (V) Isoleucine (I) 122
Asparagine (N) Glycine (G) 201
Proline (P) Glutamine (Q) 247
Glutamine (Q) Histidine (H) 271
DKQXXYQ EK C terminus
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Table 4.6: Polymerase L most abundant aminoacid substitution in RESTV compared
to all other Ebolavirus species.

RESTV Ebolavirus position

A S 853;874;1115;1525;1585
S A 332;980;1242;1567

3 h p.i. . Also, was explored the possibility of ncRNAs being transcribed by
the virus, and the differences between EBOV and RESTV were looked for at
this level.

Transcription start sites suggest common regulation with other ebolaviruses

Based on the ebolavirus genome sequence it was possible to obtain a con-
served secondary structure for each TSS (see fig. 4.17), which also shared a
nucleotide sequence between the five species of ebolaviruses. It is interesting
to notice that the 5’ side of each hairpin is more conserved, nucleotide base,
than the 3’. Also, the bottom of each hairpin is nucleotide conserved, but
the upper part of the hairpin, although not sequence conserved, is structure
conserved. However, it is worth mentioning that SUDV and RESTV con-
tained most of the nucleotide insertions, therefore deforming the hairpin in
the secondary structure. This can be pointed out clearly in VP30’s hairpin,
where are "-" observed because SUDV and RESTV had two extra nucleotides
there. This indicates the presence of two factors for the recognition of the
TSS which is conserved between the Ebolavirus species, first sequence based
recognition, and the second structure based. While evaluating the individual
alignments RESTV and SUDV differ the most from the other Ebolaviruses
SUDV has more differences than RESTV, and SUDV is considered the sec-
ond (after EBOV) most aggressive ebolavirus for humans. Therefore, the TSS
might not mark a pathogenic relevant feature.

Viral putative small ncRNAs could represent a new factor for host response

At 24h p.i. the reads covered almost all the virus, but hot spots of reads
could be marked. The Trailer region is the most covered by sequencing reads
in both viruses. Then, VP40 TSS and GP TSS are also well covered in their 5’
prime region, after 3 h p.i. (see fig. 4.18). It is interesting to notice that GP and
VP40 are the envelope and matrix, respectively, forming the outer structure
of the filamentous particle. VP40 TSS was already suggested as the ncRNA
EBOV-pre-miRNA-T2 [72]. However, it is in the conserved region between
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Figure 4.17: Predicted common secondary structure of the transcription starting site
of each mRNA codified in ebolaviruses. The structures were predicted
in Locarna using the UTRs of the five ebolavirus species (TAFV, BEVOV,
SUDV, RESTV, EBOV). In red color are the bases entirely conserved
between the ebolavirus. The uncolored shows the most conserved nu-
cleotide (s). The base pairing is indicated with lines, and shows the con-
sensus secondary structure. This was done for every upstream mRNA
and presented in the genome order (NP, VP35, VP40, GP, VP30, VP24,
L).

RESTV and EBOV. Therefore this might not be a difference for pathogenesis,
but fulfills a function as a ncRNA in addition to TSS.

Further, the read strand holds the information of genome and transcrip-
tome, and for RESTV the genome is also well covered, while in EBOV it is
the transcriptome. This could suggest that the RESTV switch between tran-
scription and replication is impaired in humans, and/or the release of the
genome into the cytosol, to be further processed, is slower. The sequencing
data would support previously mentioned results, where RESTV iVLPs are
not infecting in the same ratio as EBOV (see fig. 4.4), and would support a
relationship with the incorporation of the genome into the newly formed
viral filamentous particles.

4.4 Cellular candidates and their influence in viral fitness

The sequencing data showed that THP1 cells infected with RESTV increased
the expression of different miRNAs, in comparison with Mock and EBOV
which did not show an increase on these miRNAs. Two of these miRNAs
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Figure 4.18: Viral sequence coverage by reads and predicted structure based on the
sequence. VP40-TSS has reads covering a specific region which would
correspond to a putative ncRNA

which were up-regulated after 3 h p.i. were hsa-mir204-5p (miR-204) and
hsa-mir10b-5p (miR-10b). Because the effect was not observed in HuH7 cell
line and the established system of study is in this cell line, hsa-miR10a-5p
(miR-10a) was also included in the study. This was done because both miR-
10 have different tissue abundance. miR-204 has been found to interfere with
HBV virus replication/viral production [73], and because it is present in the
liver, it was still chosen for the further studies.

MiR-204, miR-10a and miR-10b were studied with the use of the Agomir
molecules. Agomir are synthesized miRNAs which contain a cholesterol
modification to improve cellular transfection. The protocol for the use of
these molecules is detailed in Methods section. Additionally, as a negative
control a scramble sequence was acquired which does not target human
genes and here is referred to as miR-NC.

In summary, HuH7 cells were transfected with 50 nM of each Agomir, and
after 3 h p.t. the cells were re-transfected with the components necessary for
iVLP formation. After three days p.t. the supernatant was collected for fila-
mentous particle purification, and the cell lysate divided for luciferase and
protein quantification and RNA extraction. The iVLP system has three points
of study: transcription/replication, iVLP production, and the infectivity of
the newly formed particles. Only the filamentous particles were considered
for the evaluation of the iVLPs infectivity. With this approach it was expected
to elucidate the possible role of the miRNAs candidates on the viral life cycle.
These steps will help to select one molecule for viral evaluation.
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4.4.1 Mir-204 and miR-10a affect viral transcription/replication

The transcription/replication activity of RESTV, based on the MG reporter
activity, does not seem affected by the addition of the specific miRNAs com-
pared to the miR-NC (see fig. 4.19). This was expected because RESTV in-
creases the presence of these molecules, according to the sequencing results.
However, EBOV seems to be significantly affected by miR-204 and miR-10a
(see fig. 4.19). MiR-10a presence seems to increase EBOV relative reporter ac-
tivity in an average of 43%. MiR-204 over-expression reduces EBOV reporter
activity by 42%. These results would suggest miR-204 is a cellular candi-
date which decreases the viral fitness affecting transcription/replication of
EBOV, and most probably of RESTV. The other miRNAs Agomirs did not
significantly affect the reporter activity.

It is fascinating to find that one of the candidates selected, based on
RESTV cell’s response, could partially explain the differences between both
viruses. This implies that miR-204 could be one cellular component control-
ling RESTV’s natural replication, and could be used to control EBOV. More-
over, the presence of these molecules decreases the minigenome reporter
activity, most probably because of the extra stress which caused a higher
cell death in the Agomir transfected cells.

4.4.2 miR-204 affects NP/VP40 ratio on filamentous particles

Based on section 4.2.3 it was observed that RESTV NP does not incorpo-
rate into the viral filamentous particles as efficiently as EBOV NP. To assess
if miR-204 could be affecting EBOV NP/VP40 ratio, filamentous particles
were purified and NP/VP40 ratio was quantified via WB. This step was
performed with exactly the same samples as for transcription/replication
studies above. The ratio of NP and VP40 was first calculated inside the cells,
and the value was normalized by tubulin. It was observed that miR-204
does not affect significantly the amount of NP/VP40 inside the cells (based
on tubulin) compared to miR-NC (see fig. 4.20 A). It seems that the ratio is
above the other treatments suggesting NP might be getting trapped inside
the cells, but the variance is too high to affirm this statement. Nevertheless,
EBOV ratio NP/VP40 in the filamentous particles did vary significantly on
miR-204 transfected cells compared to miR-NC (see fig. 4.20 B). The ratio of
EBOV NP/VP40 was lower, suggesting there is less NP incorporated into
the iVLPs.
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Figure 4.19: Effect of different miRNAs on the minigenome reporter activity of
RESTV and EBOV. The graph shows the average(dot) and variance
(line) for n=>3 replicates measured relative to miR-NC. The significance
was calculated with Anova where * = pval <0.05, and ** = pval < 0.01.
RESTV minigenome reporter activity does not vary specifically with the
addition of the molecules. EBOV minigenome reporter activity seems
reduced when treated with miR-204 and increased with miR-10a com-
pared to miR-NC. The values plotted come from supplementary table
7.10.

MiR-204 negatively affects EBOV transcription/replication and NP iVLP
incorporation. These two traits were observed as a normal feature for RESTV.
The sequencing data showed RESTV infection triggers an over-expression of
miR-204 (see section 4.1) and the effect of this miRNA could be related to
a less efficient NP incorporation into the filamentous particles, trapping NP
inside the cells.

4.4.3 miR-204 effect in the viral proteins cellular distribution

At 24 h p.t. viral transcription/replication and NC movement are mainly ob-
served inside the cell. At 48 h p.t. it is possible to collect viral particles, and
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Figure 4.20: Effect of miR-204 on EBOV’s protein ratio NP/VP40 measured by WB
(A) Inside the cells normalized by tubulin (NP/VP40/Tub). (B) In the
filamentous particles (fraction 4-6) The graph shows the average(dot)
and variance (line) for n=>3 replicates measured relative to miR-NC.
The significance was calculated with Anova where ** = pval < 0.01. One
can observe miR-204 affects the protein ratio of EBOV proteins inside
the filamentous particles. The values plotted come from supplementary
table 7.11.

then it is expected to also find new-infections. As observed above, viral tran-
scription/replication and particle formation can be affected by miR-204, and
these were observed to be related to NP in RESTV. Therefore the effect of
miR-204 was studied on NP distribution inside the cells, specifically NP in-
clusion bodies, transcription/replication loci inside the cell. NP inclusion
bodies were analyzed via IF. These bodies form a clear aggregated signal of
NP (big dots) around the cellular cytoplasm.

For the IF study HuH7 cells were pre-transfected with 100nM miR-204 (or
miR-NC) and then transfected with the components necessary for iVLP pro-
duction of RESTV or EBOV. The cells were collected at 24 h p.t. and 48 h p.t.
to assess the overall effect of miR-204 on RESTV and EBOV. There was no
visible effect on RESTV protein distribution between Agomir transfections
(see fig. 4.21RESTV). This was expected because, based on the small RNA-
Seq results, in the cells infected with RESTV there is an up-regulation of
miR-204, and so it could be present in each experiment where RESTV com-
ponents were expressed, but in different quantities. EBOV NP does show a
new phenotype when miR-204 is present in the cells. EBOV inclusion bodies
were reduced or even not present (no observable NP aggregations) on miR-
204 pre-treated cells (see fig. 4.21 EBOV). It is possible to see the EBOV NP
signal inside the cell, but it does not form a clear bright, big, distinguishable
signal in miR-204 pre-treated cells compared to Medium and miR-NC (see
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fig. 4.21 EBOV). The disruption of EBOV NP inclusion bodies would corre-
late with a reduction on transcription/replication. Hence this would imply
that miR-204 targets a cell component which is involved in the inclusion
bodies’ integrity.

Aggregates formed by EBOV NP alone and with minigenome components do not
get affected by miR-204

NP can form big aggregates without the need of other viral component
(see fig. 4.22 A medium). The inclusion bodies can be observed with the
minigenome components only (see fig. 4.22 B medium). MiR-204 could be
disturbing NP aggregations or the inclusion bodies, or promoting NC dis-
association from the inclusion bodies. As in the previous section, this was
addressed with IF analysis of cells transfected with EBOV’s NP plasmid or
minigenome components and treated with the different Agomir miRNAs. It
seems EBOV’s NP aggregations are not disturbed in any of the treatments
(see fig. 4.22 A). Also, the inclusion bodies formed in the minigenome context
look similar between treatments (see fig. 4.22 B). These results adduce that
miR-204 regulates a cellular protein which affects EBOV’s transition from
the inclusion body to the NC, but also disrupts the incorporation of the NC
into the filamentous particles. This would explain the transcription/replica-
tion and NP/VP40 particles’ reduction.

4.4.4 EBOV infection and inclusion bodies are affected by miR-204

The iVLP system is used as a representation of the virus, but it is necessary
to prove the effect of miR-204 on the viral context. Therefore HuH7 cells
were pre-transfected with 100nM of miR-204 or miR-NC and then infected
with RESTV or EBOV for IF analysis (details in Methods). miR-NC and miR-
204 transfection reduced the number of infected cells compared to Medium
for RESTV and EBOV infected cells, suggesting the transfection affects neg-
atively the infection. RESTV Medium and miR-204 NP distributions look
similar. The different cells observed and analyzed do not show differences
between the treatments, as compared with the iVLP system. Moreover, miR-
204 reduced the inclusion bodies’ size in EBOV infected cells (see fig. 4.23 B),
which is in accordance with the iVLP observations. The EBOV NP signal
was distributed in the whole cell, forming only one aggregation, and mostly
spread in the cytosol in the miR-204 treated cells.

Additionally, miR-NC transfection provoked a reduced infection and
small and fewer inclusion bodies, compared to the Medium treatment for
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Figure 4.21: Immunofluorescence of HuH7 cells treated with miR-204 and trans-
fected with iVLP components from RESTV and EBOV collected at
24 h p. t. and 48 h p. t. . NP was stained with Ch-NP (green), VP40 with
2C4 (light blue), Actin with Phalloidin (red) and the nuclei with Dapi
(blue). The individual signals for each antibody are on the left side of
each merged picture. RESTV protein distribution does not seem to be
altered by the presence of miR-204. EBOV does not present NP inclu-
sion bodies in miR-204 treated cells.
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Figure 4.22: Immunofluorescence of HuH7 cells treated with miR-204 and trans-
fected with NP (A) and minigenome components (B) from EBOV col-
lected at 40 h p. t. . NP was stained with Ch-NP (green), Actin with Phal-
loidin (red) and the nuclei with Dapi (blue). NP signal is on the left side
of the merge picture. EBOV NP signal does not seem affected by miR-
204 treatment in this context.

RESTV and EBOV viruses (see fig. 4.23 miR-NC treated cells). miR-NC was
used as a control of Agomir treatment because it does not target any cellu-
lar component, but has the chemical composition and form of the specific
miR-204 (not sequence). However, miR-NC has a more similar sequence than
the untranslated region of VP24 (VP24-TSS), making it possible for miR-NC
to target the viral genome directly. A successful genome targeting would
truncate replication and reduce transcription. This effect was not previously
observed because in the iVLP system only the coding sequences were used
for the protein production.

However, there were three NP phenotypes clearly distinguishable in the
different treatments. Therefore NP distribution was used to discern between
the pre-transfection with miR-204, miR-NC and medium. The number of
cells showing these phenotypes was used to determine the specificity of
the Agomirs. miR-NC causes a clear NP distribution, suggesting the cells
without this phenotype are cells which were infected but not transfected.
miR-NC transfection effect facilitates the discrimination of transfected vs
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Figure 4.23: Immunofluorescence of HuH7 cells treated with miR-204 and infected
with RESTV (A) and EBOV (B) at 18 h p. t. . NP was stained with Ch-
NP (green), VP40 with 2C4 (light blue), Actin with Phalloidin (red) and
the nuclei with Dapi (blue). NP signal is on the left side of the merged
picture.

non-trasfected cells, supporting a high efficient transfection and that the re-
sults are specific. miR-204 transfection shows a higher ratio of cells with
EBOV NP spread in the cytosol without clear blocks, but also shows tiny
aggregates around the nucleus-like miR-NC in a smaller proportion of the
cells (see table 4.7) At 18 and 42 h p.i. different types of EBOV NP aggre-
gates were observed in the Medium treatment (see table 4.7, suggesting that
the phenotype observed with miR-NC and miR-204 transfection represents
a stage of NP distribution. These results further confirm that miR-204 affects
negatively EBOV NP distribution inside the cells, which would cause a lower
transcription/replication and NC interaction with the membrane, with the
production of more empty particles.
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Table 4.7: Ratio of EBOV infected cells with different NP distribution observed in
miR-NC and miR-204 treated samples after 18 and 42 h p.i..

18 hrs

Treatment\Phenotype Medium MiR-NC MiR-204

Medium 0.6 0.3 0.1

MiR-NC 0.1 0.9 0

MiR-204 0.1 0.3 0.6

42 hrs

Treatment\Phenotype Medium MiR-NC MiR-204

Medium 0.9 0.05 0.05

MiR-NC 0.2 0.8 0.0

MiR-204 0 0.4 0.6
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4.5 Results’ graphical summary

This study analyzed the human cellular response against RESTV and EBOV
infection, differences in the life cycle of EBOV and RESTV and the effect
of specific miRNAs in EBOV life cycle (see fig. 4.24). Firstly, it was ob-
served that independent of the human cell type (HuH7 and THP1) and
study method (microarray or RNA sequencing) RESTV and EBOV cellular
responses differentiate at early infection. This was partially explained with
an entry assay which showed RESTV releases its content into the cytosol
slower than EBOV (see fig. 4.24 A). Secondly, it was found that RESTV and
EBOV do not differ significantly in transcription/replication, inclusion bod-
ies formation and NC transport (see fig. 4.24 B, C). Thirdly, the protein inter-
action between both viruses shows there is an incompatibility which points
towards RESTV NP being one of the main limiting factors for RESTV success.
This was supported by a reduced RESTV NP incorporation in the filamen-
tous particles, more likely in the NC, which explains the lower ratios of infec-
tion and implies that the process which seems to be strongly affected could
be the replication of the viral genome (see fig. 4.24 B, C). Fourthly, based on
all the above mentioned results, several of RESTV traits which correspond
to differences with EBOV were also observed in the presence of miR-204 in
EBOV context. This was further analyzed and a clear reduction of NP inclu-
sion bodies, and NP incorporation in the filamentous particles was observed
when EBOV infected cells were also over-expressing miR-204.

This is the first time these viral processes are analyzed as a whole for the
comparison of EBOV and RESTV. With such a comprehensive study it is
possible to say NP protein is a limiting factor for RESTV success in humans
infection and is a potential target protein for EBOV treatments.
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5
D I S C U S S I O N

The aim of this study was to determine differences and similarities between
RESTV and EBOV infection, cellular response and life cycle in order to pin-
point the traits which make these two viruses different for humans.

Based on the transcriptomic data of RESTV and EBOV infected cells, both
viruses seem to differentiate the most at 3 h p.i. (see figs. 4.1 and 4.6) . At
this early time point, only a few events could have influenced the differen-
tial expression. Namely, these are the direct contact with the cell surface,
macropinocytosis, endosomal to lysosomal passage [74] and release of vi-
ral content into the cytosol. Here it was observed that RESTV and EBOV
differ in triggering entry related genes which would support the early con-
trast between RESTV and EBOV cellular response. In THP1 RESTV infected
cells KLK8 was found up-regulated; KLK8 is a serine protease identified
for the entry of papilloma virus [75]. It was also reported that serine pro-
teases are needed for coronavirus’s cellular entry, but cysteine proteases
for EBOV entry [76]. KLK8 interacts with Rab-39A which among its func-
tions are phagosome regulation and phagosome-lysosomes fusions [77, 78],
supporting the hypothesis that RESTV might go into the cell with a mecha-
nism other than EBOV, or that this gene is cell specific. In THP1 EBOV in-
fected cells there were multiple up-regulated genes such as ZG16, ANKRD2
and SCN10A, which imply an EBOV effect after entry. ZG16 is proposed
to form a glycosaminoglycan-binding site [79]. Filoviruses seem to require
glycosaminoglycans for attachment to the target cell [80]. This suggests that
the triggering of ZG16 promotes the re-infection of the cell favoring EBOV
spreading. This indicates that EBOV increase dissemination could be deter-
mined after early infection, which was not observed in RESTV infected cells.
ANKRD2 does not have a determined function. However, ANKRD2 is a par-
alogue of ANKRD1 which was found to be up-regulated in HCV and which
modulates the viral entry [81]. This would indicate ANKRD2 could be also
related to EBOV entry. SCN10A is a voltage-gated sodium channel subunit.
Voltage channels have been reported as necessary for the entry of EBOV,
but mainly TPC1 two pore channels which are also voltage-gated sodium
channels [82] . It is possible that in THP1 cells SCN10A becomes active and

83



promotes viral entry. In HuH7 cells half of the significantly differentially ex-
pressed genes show that RESTV and EBOV differ at 3 h p.i. (see fig. 4.6). One
of these genes is the potassium channel KCNQ5 which is up-regulated in
RESTV infected cells. EBOV has been shown to depend on ion channels for
its entry, whereas Bunyavirus, another negative-sense single-stranded RNA
virus,is explicitly reported to need potassium channels for the entry of the
virus [83]. As in THP1 cells, RESTV seems to promote another set of genes
than EBOV for cellular entry. These results support the fact that RESTV trig-
gers a different entry mechanism than EBOV, which disfavors RESTV further
cellular transmission and gives a disadvantage against the cell. It seems the
effect is not cell dependent, and the entry process could affect the viral cycle
downstream, like dissemination.

To explore further the first stage of infection, an entry essay performed
here, showed that RESTV-like particles take longer than EBOV to release
their content into the cytosol (see fig. 4.16). This difference was determined
by GP. These results are in accordance with previous reports which show
RESTV GP cleavage is deficient [84, 85], and GP cleavage is determinant for
the release of viral content into the cytosol [86, 87]. Furthermore, the results
imply that the cell has more time to react to RESTV infection compared to
EBOV, backing the observed different cellular response. Moreover, the assay
was performed in HEK293 cells, which are known to be less prone to in-
fection than THP1 and HuH7 cell lines. Therefore, in THP1 and HuH7 cell
lines the entry or infection is expected to be faster with similar results. How-
ever, GP was shown to not be the only determinant factor for the different
outcome of RESTV and EBOV infection [31]. Therefore it was necessary to
explore the next steps of the viral life cycle and other viral components, to
understand the whole context.

SnoRNAs play an important role in the cellular transcription and trans-
lation machinery [41–43]. It is not known if EBOV transcription and/or
replication might start at 3 h p.i., but after this time point snoRNAs’ expres-
sion differed in EBOV treated cells (see fig. 4.3). An up-regulation of snoR-
NAs suggests that EBOV promotes an rRNA and mRNA cellular regulation
after early infection, indicating that EBOV activates transcription/replica-
tion already after 3 h p.i. (or even earlier). This finding correlates with the
small RNA-Seq results, where there is a higher increase of viral signal from
3 h p.i. to 24 h p.i. in EBOV infected cells compared to RESTV infection (see
Tab. 4.1). There are three possible explanations for the increased number of
transcribed reads of EBOV and not RESTV: firstly, the cell is able to respond
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to RESTV and stop it; secondly, the viral proteins are not properly recog-
nized and therefore modified to fulfill their function, which could include
the triggering of the snoRNA ; thirdly, EBOV’s demand on the cell makes
it necessary to regulate the snoRNAs for improving general transcription
and replication from the cell itself. However, it is not possible to say if the
snoRNAs triggered are required by EBOV, as in Vaccinia virus [48]. Never-
theless, these results suggest snoRNAs as target molecules for controlling
EBOV replication.

In the scope of this thesis it was observed that NP, VP35 and L viral compo-
nents differ between RESTV and EBOV, because there is a reduced reporter
activity if these components are exchanged between both viruses systems
(see fig. 4.9 ). An incompatibility of RESTV NP with VP35 affects other vi-
ral processes, including the NC transport, which could also directly affect
the incorporation of NC in the viral particles. Previously, bioinformatic anal-
ysis showed aa comparison between EBOV and RESTV which would con-
fer different protein interactions. NP residues Y21 and H22 and positions
375-381 form the NP oligomers which will compact the viral RNA into the
NC, killing transcription/replication [20, 21]. This region does not differ be-
tween RESTV and EBOV (see table. 4.5), indicating that the reduced tran-
scription/replication with RESTV NP in EBOV context is not due to RESTV
NP oligomerization. Further, there are two interactions between VP35 and
NP, the first one necessary for transcription/replication and the second one
for the NC movement. VP35 residues 240-252 are part of the NC assembly
(disrupt transcription/replication) [20]. VP35 residues 1-80 (sputnik region)
bind to NP [21], are conserved among ebolaviruses and are necessary for
transcription/replication but not for IFN inhibition [88]. Specifically, VP35
residues 20-52 are closely related to transcription/replication with two in-
teracting regions with NP [20]. A previous comparison between EBOV and
RESTV proteins showed different residues in the NP-VP35 binding site in
RESTV [89], but was not evaluated if the substitutions were compensatory.
Based on the comparison performed here of all ebolaviruses against RESTV,
there are three residues differing in the sputnik region. On the other hand,
based on the minigenome assay and NC movement (see figs. 4.9, 4.8 and 4.14)
RESTV NP and RESTV VP35 interact and have efficient transcription/repli-
cation activity. This suggests that VP35 and NP residues reported aa substi-
tutions might be compensatory and not directly related to the viral outcome.
Although, the residue modification is an indication that indeed RESTV NP
and EBOV VP35 have a reduced contact impairing proper assembly or inter-
action of both particles, it is not known if there are more interactions related
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to other viral functions, but in this study RESTV components are able of
transcription/replication in human cells. EBOV and RESTV differ in several
positions along the whole polymerase L. Here it was observed that RESTV
VP35 does function properly with EBOV L and RESTV L, but RESTV L does
not seem to interact properly with EBOV VP35. Furthermore, it was reported
that the highest residue exchange in L was shared between all ebolaviruses
and not RESTV. Exchange from Alanines (A) to Serines (S) and vice versa
are found mostly between residues 853 and 1585 of L (see table 4.6 ). This
is an interesting aa change, because S allows protein modifications, while
A does not. An important region for EBOV L is in the N-terminus (aa 280-
370), as it interacts directly with VP35 and its recruited to NP inclusions
[70]. In this study it was found RESTV differs from all Ebolaviruses in 7 po-
sitions between 280-370 L residues. These residue changes suggest either a
reduced post-translational modification in this area due to the nature of the
aa exchanged, or to an impaired interaction between L and VP35 of RESTV.
Based on these results it is difficult to say that RESTV VP35 has compen-
satory modifications for RESTV L binding, because it would be expected to
reduce its interaction with EBOV L, which was not observed. Therefore, it is
more likely that either RESTV L has different modifications which translate
into another kind of interaction with VP35, or the whole complex which in-
volves NP-VP35-L for transcription/replication is the one compensated and
the function sustained in RESTV. Altogether, it seems that the observed in-
crease of transcription/replication of EBOV in the sequencing data is due to
both a cellular factor and protein modifications/interactions.

EBOV Mayinga and EBOV Makona differ in the ratio of several of their
proteins (see fig. 4.3). Both EBOV strains differ also in pathogenicity, as
Makona is slightly less pathogenic than Mayinga [69]. However, the strain
of EBOV Mayinga studied here also has varied its protein ratio compared
to the first report from the virus. The first report where EBOV protein prop-
erties, such as size, were studied showed the amount of protein inside a
filamentous particle to be 2% L, 4.7% GP, 17% NP, 37.7% VP40, 24.5% VP35,
6.6% VP30 and 7.5% VP24 [10]. The ratios based on VP24 have changed. In-
terestingly the original values are similar to Makona’s current ratios, indicat-
ing that VP24 reduction might be an effect of the laboratory conditions or
cellular effect, but not necessarily of pathogenicity. This could be due to vi-
ral passage or adaptation to laboratory conditions. It was also observed that
there was a reduced amount of EBOV Mayinga NP in the supernatant com-
pared to the first EBOV report, but after this reduction there was a relatively
similar amount to that in EBOV Makona. Furthermore, it was interesting
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to observe that NP/VP40 ratio is the most similar between both strains of
EBOV and differs the most with RESTV, where the main difference of both
species is the human pathogenicity. NP/VP40 ratio in the supernatant is an
indicator of complete viral particles. The reduced NP/VP40 ratio observed
in RESTV would suggest the release of more empty particles, which would
lead to a lower infection rate than EBOV (also observed in this study) and
which would be explained by the reduced NP incorporation in the iVLPs. A
previous report shows little difference regarding the filamentous particle for-
mation between EBOV and RESTV (based on electron microscope imaging).
The filamentous particles of RESTV were smaller in every cell line tested.
This could be because of some of their observations of missing tips of NC in
the newly formed filamentous particles of RESTV [9]. Although, in Geisbert
et.al’s study there was no measurement of the percentage of damaged par-
ticles lacking NC tips, the observations in this thesis support RESTV might
have them. These results support the fact that RESTV reduced pathogenicity
could be directly related to NP incorporation in the filamentous particles.
This effect seems to be directly related to RESTV NP, but as discussed above
not to its transcription/replication role, or its NC transport role. Moreover,
for a proper iVLP formation and function the NC needs to be incorporated
into the filamentous particles, and VP40 is the viral protein which mediates
this step with the NC protein VP35 [90].

EBOV NP C-terminus positions 439-492 aa and 589-739 aa are necessary
for the NC assembly into the filamentous particles, and are particularly dis-
tinguished by their acidic character and increased charge, which is disor-
dered [91]. While comparing NP residues 439-492 aa and 589-739 aa between
RESTV and EBOV it was observed that RESTV has a lower charge than
EBOV. This can explain NP’s different SDS gel migration and RESTV NP
band below EBOV’s NP band, and suggests RESTV NP has less affinity, in
cellular conditions, with other proteins or NC assembly into the filamen-
tous particles. Therefore the RESTV property of forming more empty viral
particles could be directly related to the intrinsic sequence of RESTV NP.
However, VP40 is another major protein involved in the particle formation
and efficient NC incorporation into the filamentous particles. Previous re-
ports show VP40 (EBOVpositionRESTV) Q245P breaks an alpha helix, P85T
located in the octamer interface [89]. This is interesting, because here it was
found that RESTV VP40 can efficiently form iVLPs, but does not reduce
transcription/replication, and could even increase iVLP efficient transcrip-
tion/replication in infected cells (data not shown) without affecting the in-
fection rate. VP40 octamer binds RNA and the most important residues are
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F125 and R134 [92], but it is not known which kind of RNA binds. Based
on EBOV and RESTV differences on VP40, it is possible that the P85T which
would decrease post-translation modification, or that I122V, due to its close-
ness to F125 residue, reduces RESTV VP40 interaction with RNA, decreasing
the negative effect on transcription/replication, but also shortens a point of
contact with the NC. This also suggests that VP40 is binding viral RNA,
specifically the hairpins of the virus genome, because in this study only
the Leader and Trailer (3’ and 5’) sequences of the virus were used in the
minigenome assay. Moreover, EBOV NP N- (aa 2-150) and C-termini (aa
601-739) interact with VP40, but only the C-terminus was shown to be nec-
essary for transport and VLP incorporation, while the N-terminus is much
more conserved among Mononegavirales [93]. In this study the aa difference
of RESTV NP against all other Ebolavirus species was investigated. It was
observed that RESTV NP differs from EBOV NP in two residues in this re-
gion, T607P and N729G. NP positions 607 and 729 could be then interaction
residues to VP40 which reduced the NC incorporation to the filamentous
particles. It is not possible to say if it is because the residue is not properly
modified for VP40 interaction, or if it is another kind of interaction. These
results reinforce the observation that RESTV NP and VP40 proteins do have
different modifications inside human cells which could reduce the efficient
viral particle formation in this host. Advocating that RESTV NP is not rec-
ognized properly in human cells, and therefore any required modification
needed for NP’s several functions is impaired. These results have to be fur-
ther explored to understand the real implication of the above mentioned
modifications, which with the current data are promising target viral pro-
teins against EBOV.

It was possible to narrow down the viral proteins which seem to determine
the pathogenicity of EBOV and RESTV. Yet it was also elucidated that cel-
lular factors do play a role in the difference between the two viruses. Based
on the sequencing data, RESTV infected cells have an up-regulation of miR-
204 miRNA since 3 h p.i. (see fig. 4.4). This suggests that the effect of this
miRNA could affect further steps in the viral life cycle, and not necessarily
the entry. miR-204 was already proposed to decrease the fitness (transcrip-
tion and replication and release) of Hepatitis B virus (HBV). However the
mechanism is still not understood [73]. Therefore it was interesting to test
the effect of this miRNA in EBOV life cycle. Here, it was observed that miR-
204 over-expression in the cells reduced EBOV transcription/replication (see
fig. 4.19) and also reduced NP incorporation into the filamentous particles
significantly in the minigenome and iVLP system (see fig. 4.20), as it was
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observed for HBV [73]. Cells infected with EBOV also showed a reduced
NP in supernatant when treated with foreign miR-204, but there were un-
specific effects from the negative control which made the interpretation of
the outcome difficult, as discussed below. A more detailed look at the cells
showed miR-204 disrupts NP inclusion bodies in EBOV infected cells and in
the iVLP system (see fig. 4.21 and 4.23). The observed dispersal of EBOV NP
in the cell would explain the reduced transcription/replication in the iVLP
system, a disruption of NC assembly which would lead to a reduced NP
release in the filamentous particles. All of these effects were observed when
miR-204 was present. These results suggests that miR-204 affects NP protein
interactions, and hinting to miR-204 being one of the cellular components
which diminishes RESTV propagation in human cells. It is not possible to
say how miR-204 is working, but the up-regulation of this miRNA has been
observed accompanied with the inhibition of IL6R, blocking the recognition
of Il6, and then also blocking phosphorylation of STAT3 (pSTAT3) [94]. More-
over, EBOV is able to activate IL6 in human macrophages but not RESTV
[30]. Although there was not a study of the sRNA population it is possible
to speculate there was an up-regulation of miR-204 in RESTV infected cells.
MARV also seems to inhibit IL6 and STAT3 phosphorylation via VP40 [33].
It has not been explored if RESTV VP40 causes the same effect, but it is pos-
sible to suggest VP40 could be the protein activating miR-204 upon entry.
This could be supported by the host gene of miR-204, the Transient Receptor
Potential Cation Channel Subfamily M Member 3 (TRPM3), which shares
with miR-204 the promotor. TRPM3 is a membrane protein which controls
the Ca (2+) and Zn (2+) flux and can be regulated by miR-204 [95]. EBOV
VP40 was suggested to need the activation of Ca+ exchange for binding to
the membrane and egressing the cell [96]. If miR-204 reduces the Ca+ flux
via TRPM3, it would cause a reduced release of viral particles, but not nec-
essarily of less NC incorporation. Then another target of miR-204 should
be involved in the NC incorporation into the iVLPs and the formation of
NP inclusion bodies. There are more proposed targets for miR-204 which
could be involved in different cellular processes, therefore affecting more
than one component of the virus life cycle. For example, the adaptor-related
protein complex 1 sigma 3 subunit (AP1S3) gene is targeted by miR-204 [97].
AP1S3 is part of the clathrin-associated adaptor protein complex 1, which
mediates vesicular protein trafficking from the Golgi and endosomes [78],
and AP1S3 seems to be involved in HCV cycle, protecting the virus from
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ubiquitin-degradation pathway [98]. Therefore this miRNA should be fur-
ther explored to determine the link to ebolavirus NP, because this could be
used as a target molecule for ebolavirus treatment.

Currently, this is the first study attempting to compare RESTV and EBOV
human cellular response in the ncRNA context and at such an early time
point after infection. Although HuH7 is broadly used for EBOV study, it is
necessary to extend the number of cell lines for further validating the differ-
ences observed between RESTV and EBOV. THP1 cells are not standardized
for EBOV study, and it was not possible to establish a protocol for transfect-
ing them. Thus it was not feasible to validate the results on them. In sum-
mary, it is possible to state that RESTV and EBOV differ in the entry to the
target cell causing a different cellular response which affects further steps in
the viral life cycle. Cellular factors combined with viral NP and VP40 proper-
ties can determine the main difference between RESTV and EBOV. NcRNAs
are part of the differences of the cell response against both viruses, and
are possible targets for controlling EBOV infection. However, more studies
are needed to understand the implications of the snoRNAs and the specific
effect on EBOV life cycle. It seems miR-204 impairs viral molecule modifica-
tions/interactions which affect NP, the major player in the viral life cycle. It
is possible that the mechanism of miR-204 could be used for EVD treatment.
Nonetheless, miR-204 has to be explored further to confirm the observa-
tions here stated, specifically with an inhibitory molecule like Antagomirs
to confirm the effects and another negative control in the viral infections. In
addition, targeting specifically and directly the TSS of VP24, as presumed
with miR-NC, was observed to reduce viral fitness. This could be used as
another tool to target the virus, but due to the unexpected behavior it was
not deeply investigated in this thesis.
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6
C O N C L U S I O N

In the present study, it was possible to determine there is a clear difference
between RESTV and EBOV cellular response since 3 h p.i..̇ There are entry
related genes and different ncRNAs which support this statement. The ob-
served DEG in cells infected with RESTV and EBOV suggest a different
entry mechanism for RESTV and that EBOV is even stimulating further in-
fections since the first hours after infection. Also, RESTV is slower for going
into the cell, and triggers a cascade which would negatively control the vi-
ral transcription, replication and release. In contrast EBOV seems faster in
every infection step and snoRNAs could be the molecules facilitating the
transcription/replication of EBOV. Where RESTV NP seems to make most
of the difference between RESTV and EBOV performance inside the cell.

Also, RESTV seems to trigger the expression of miR-204, which when
expressed in EBOV "context" could compromise its fitness as observed "nat-
urally" for RESTV. Here are proposed snoRNAs, and miR-204 as potential
targets against EBOV fast transcription/replication and viral particle assem-
bly control, respectively.
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7
S U P P L E M E N TA RY D ATA

7.1 Cellular response

HuH7 and THP1 top differentially expressed genes saf:
Top 80 genes differentially expressed in THP1 cells
Top 80 differentially expressed genes in HuH7

7.2 Minigenome

EBOV MG with RESTV components
RESTV MG with EBOV components
RESTV transcription/replication with inhibitors

7.3 iVLP

7.4 miR-204
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Table 7.1: Top 80 commonly differentially expressed genes in HuH7 and THP1 cells
genomic location

GeneName Chr Start End Strand

rmsk_repeat_Simple_repeat:(TA)n 1 80958369 80958468 +

02374_SL0000012417_snRNA 1 80958425 80958441 +

02391_SL0000003563_snRNA 1 81773955 81773972 -

31638_SL0000013926_miRNA 2 77599518 77599534 +

39294_SL0000005263_snRNA 3 10702593 10702610 -

42724_SL0000014864_snRNA 3 180933308 180933325 +

LTR_Subtype=LTR:ERVL-MaLR:MSTA 4 28396142 28396553 +

43893_SL0000015010_miRNA 4 28396230 28396252 +

46230_SL0000006196_snRNA 4 160041045 160041060 -

46617_SL0000015089_scRNA 4 182156093 182156111 +

47116_SL0000015147_snRNA 5 11306916 11306933 +

47257_SL0000015405_snRNA 5 18148842 18148859 +

47835_SL0000015520_snRNA 5 52709260 52709276 +

48586_SL0000015613_snRNA 5 92447078 92447095 +

transposon_Subtype=LINE:L1:L1M2 5 97240361 97241284 +

48688_SL0000015631_snoRNA_CD 5 97240940 97240959 +

rmsk_repeat_Subtype=DNA:TcMar-Tigger:Tigger1 5 105395784 105396466 -

48821_SL0000006545_snoRNA_CD 5 105395871 105395889 -

49429_SL0000015733_snRNA 5 135945446 135945464 +

49430_SL0000006627_snRNA 5 135945446 135945465 -

52869_SL0000016281_snoRNA_CD 6 102969995 102970013 +

transposon_Subtype=SINE:Alu:AluJb 7 1464598 1464771 -

55273_SL0000016315_scRNA 7 36890207 36890225 +

56828_SL0000016533_scRNA 7 113617221 113617237 +

59768_SL0000008042_snRNA 8 89972584 89972601 -

60528_SL0000017015_scRNA 8 128594872 128594888 +

transposon_Subtype=SINE:Alu:AluJo 8 128594874 128595150 +

transposon_Subtype=SINE:MIR:MIR3 9 19465880 19466088 -

ncRNA_exon_Parent=uc010msx.3 9 102668915 102668988 +

ncRNA_exon_Parent=uc010msx.3 9 102677460 102677644 +

ncRNA_exon_Parent=uc011lvd.2 9 102677460 102677644 +

ncRNA_exon_Parent=uc010msx.3 9 102678331 102678450 +

ncRNA_exon_Parent=uc010msx.3 9 102691060 102691125 +

ncRNA_exon_Parent=uc011lvd.2 9 102691060 102691125 +

ncRNA_exon_Parent=uc010msx.3 9 102713342 102713567 +

ncRNA_exon_Parent=uc011lvd.2 9 102713342 102713567 +

ncRNA_exon_Parent=uc010msx.3 9 102722387 102722437 +

ncRNA_exon_Parent=uc011lvd.2 9 102722387 102722437 +

62787_SL0000017587_snRNA 9 102722400 102722419 +

62788_SL0000008314_snRNA 9 102722400 102722419 -

ncRNA_exon_Parent=uc010msx.3 9 102729935 102730021 +

ncRNA_exon_Parent=uc011lvd.2 9 102729935 102730021 +

ncRNA_exon_Parent=uc010msx.3 9 102730716 102736818 +

ncRNA_exon_Parent=uc011lvd.2 9 102730716 102736818 +

62845_SL0000017304_snRNA 9 105711885 105711901 +

transposon_Subtype=SINE:Alu:AluSc 10 85039242 85039540 +

08032_SL0000000226_snRNA 10 85039351 85039368 -

08033_SL0000009247_snRNA 10 85039351 85039368 +

10984_SL0000000641_miRNA 11 71938750 71938766 -

11640_SL0000009790_miRNA 11 105441935 105441952 +

11798_SL0000000749_scRNA 11 112614773 112614788 -

12320_SL0000009881_snRNA 11 131999198 131999215 +

14338_SL0000001062_scRNA 12 95560323 95560338 -

16106_SL0000010342_miRNA 13 53870398 53870420 +

16974_SL0000001392_snRNA 13 104381441 104381458 -

22155_SL0000002069_snRNA 16 22801178 22801195 -

29301_SL0000012134_snRNA 19 45133077 45133094 +

transposon_Subtype=LINE:L2:L2b 20 45834165 45834427 +

36733_SL0000004248_snRNA 20 61248236 61248253 -

37284_SL0000013491_miRNA 21 22247839 22247861 +

rmsk_repeat_ISimple_repeat:(CG)n 21 40032708 40032861 +

37659_SL0000013547_snRNA 21 40032853 40032871 +
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Table 7.2: Top 80 differentially expressed genes in THP1 cells genomic location

GeneName Chr Start End Strand

rmsk_repeat_Simple_repeat:(TA)n 1 80958369 80958468 +

02374_SL0000012417_snRNA 1 80958425 80958441 +

02391_SL0000003563_snRNA 1 81773955 81773972 -

31638_SL0000013926_miRNA 2 77599518 77599534 +

39294_SL0000005263_snRNA 3 10702593 10702610 -

42724_SL0000014864_snRNA 3 180933308 180933325 +

LTR_Subtype=LTR:ERVL-MaLR:MSTA 4 28396142 28396553 +

43893_SL0000015010_miRNA 4 28396230 28396252 +

46230_SL0000006196_snRNA 4 160041045 160041060 -

46617_SL0000015089_scRNA 4 182156093 182156111 +

47116_SL0000015147_snRNA 5 11306916 11306933 +

47257_SL0000015405_snRNA 5 18148842 18148859 +

47835_SL0000015520_snRNA 5 52709260 52709276 +

48586_SL0000015613_snRNA 5 92447078 92447095 +

transposon_Subtype=LINE:L1:L1M2 5 97240361 97241284 +

48688_SL0000015631_snoRNA_CD 5 97240940 97240959 +

rmsk_repeat_Subtype=DNA:TcMar-Tigger:Tigger1 5 105395784 105396466 -

48821_SL0000006545_snoRNA_CD 5 105395871 105395889 -

49429_SL0000015733_snRNA 5 135945446 135945464 +

49430_SL0000006627_snRNA 5 135945446 135945465 -

52869_SL0000016281_snoRNA_CD 6 102969995 102970013 +

transposon_Subtype=SINE:Alu:AluJb 7 1464598 1464771 -

55273_SL0000016315_scRNA 7 36890207 36890225 +

56828_SL0000016533_scRNA 7 113617221 113617237 +

59768_SL0000008042_snRNA 8 89972584 89972601 -

60528_SL0000017015_scRNA 8 128594872 128594888 +

transposon_Subtype=SINE:Alu:AluJo 8 128594874 128595150 +

transposon_Subtype=SINE:MIR:MIR3 9 19465880 19466088 -

ncRNA_exon_Parent=uc010msx.3 9 102668915 102668988 +

ncRNA_exon_Parent=uc010msx.3 9 102677460 102677644 +

ncRNA_exon_Parent=uc011lvd.2 9 102677460 102677644 +

ncRNA_exon_Parent=uc010msx.3 9 102678331 102678450 +

ncRNA_exon_Parent=uc010msx.3 9 102691060 102691125 +

ncRNA_exon_Parent=uc011lvd.2 9 102691060 102691125 +

ncRNA_exon_Parent=uc010msx.3 9 102713342 102713567 +

ncRNA_exon_Parent=uc011lvd.2 9 102713342 102713567 +

ncRNA_exon_Parent=uc010msx.3 9 102722387 102722437 +

ncRNA_exon_Parent=uc011lvd.2 9 102722387 102722437 +

62787_SL0000017587_snRNA 9 102722400 102722419 +

62788_SL0000008314_snRNA 9 102722400 102722419 -

ncRNA_exon_Parent=uc010msx.3 9 102729935 102730021 +

ncRNA_exon_Parent=uc011lvd.2 9 102729935 102730021 +

ncRNA_exon_Parent=uc010msx.3 9 102730716 102736818 +

ncRNA_exon_Parent=uc011lvd.2 9 102730716 102736818 +

62845_SL0000017304_snRNA 9 105711885 105711901 +

transposon_Subtype=SINE:Alu:AluSc 10 85039242 85039540 +

08032_SL0000000226_snRNA 10 85039351 85039368 -

08033_SL0000009247_snRNA 10 85039351 85039368 +

10984_SL0000000641_miRNA 11 71938750 71938766 -

11640_SL0000009790_miRNA 11 105441935 105441952 +

11798_SL0000000749_scRNA 11 112614773 112614788 -

12320_SL0000009881_snRNA 11 131999198 131999215 +

14338_SL0000001062_scRNA 12 95560323 95560338 -

16106_SL0000010342_miRNA 13 53870398 53870420 +

16974_SL0000001392_snRNA 13 104381441 104381458 -

22155_SL0000002069_snRNA 16 22801178 22801195 -

29301_SL0000012134_snRNA 19 45133077 45133094 +

transposon_Subtype=LINE:L2:L2b 20 45834165 45834427 +

36733_SL0000004248_snRNA 20 61248236 61248253 -

37284_SL0000013491_miRNA 21 22247839 22247861 +

rmsk_repeat_Simple_repeat:(CG)n 21 40032708 40032861 +

37659_SL0000013547_snRNA 21 40032853 40032871 +
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Table 7.3: Top 80 differentially expressed genes in HuH7 cells genomic location

GeneName Chr Start End Strand

rmsk_repeat_Simple_repeat:(TA)n 1 80958369 80958468 +

02374_SL0000012417_snRNA 1 80958425 80958441 +

02391_SL0000003563_snRNA 1 81773955 81773972 -

31638_SL0000013926_miRNA 2 77599518 77599534 +

39294_SL0000005263_snRNA 3 10702593 10702610 -

42724_SL0000014864_snRNA 3 180933308 180933325 +

LTR_Subtype=LTR:ERVL-MaLR:MSTA 4 28396142 28396553 +

43893_SL0000015010_miRNA 4 28396230 28396252 +

46230_SL0000006196_snRNA 4 160041045 160041060 -

46617_SL0000015089_scRNA 4 182156093 182156111 +

47116_SL0000015147_snRNA 5 11306916 11306933 +

47257_SL0000015405_snRNA 5 18148842 18148859 +

47835_SL0000015520_snRNA 5 52709260 52709276 +

48586_SL0000015613_snRNA 5 92447078 92447095 +

transposon_Subtype=LINE:L1:L1M2 5 97240361 97241284 +

48688_SL0000015631_snoRNA_CD 5 97240940 97240959 +

rmsk_repeat_Subtype=DNA:TcMar-Tigger:Tigger1 5 105395784 105396466 -

48821_SL0000006545_snoRNA_CD 5 105395871 105395889 -

49429_SL0000015733_snRNA 5 135945446 135945464 +

49430_SL0000006627_snRNA 5 135945446 135945465 -

52869_SL0000016281_snoRNA_CD 6 102969995 102970013 +

transposon_Subtype=SINE:Alu:AluJb 7 1464598 1464771 -

55273_SL0000016315_scRNA 7 36890207 36890225 +

56828_SL0000016533_scRNA 7 113617221 113617237 +

59768_SL0000008042_snRNA 8 89972584 89972601 -

60528_SL0000017015_scRNA 8 128594872 128594888 +

transposon_Subtype=SINE:Alu:AluJo 8 128594874 128595150 +

transposon_Subtype=SINE:MIR:MIR3 9 19465880 19466088 -

ncRNA_exon_Parent=uc010msx.3 9 102668915 102668988 +

ncRNA_exon_Parent=uc010msx.3 9 102677460 102677644 +

ncRNA_exon_Parent=uc011lvd.2 9 102677460 102677644 +

ncRNA_exon_Parent=uc010msx.3 9 102678331 102678450 +

ncRNA_exon_Parent=uc010msx.3 9 102691060 102691125 +

ncRNA_exon_Parent=uc011lvd.2 9 102691060 102691125 +

ncRNA_exon_Parent=uc010msx.3 9 102713342 102713567 +

ncRNA_exon_Parent=uc011lvd.2 9 102713342 102713567 +

ncRNA_exon_Parent=uc010msx.3 9 102722387 102722437 +

ncRNA_exon_Parent=uc011lvd.2 9 102722387 102722437 +

62787_SL0000017587_snRNA 9 102722400 102722419 +

62788_SL0000008314_snRNA 9 102722400 102722419 -

ncRNA_exon_Parent=uc010msx.3 9 102729935 102730021 +

ncRNA_exon_Parent=uc011lvd.2 9 102729935 102730021 +

ncRNA_exon_Parent=uc010msx.3 9 102730716 102736818 +

ncRNA_exon_Parent=uc011lvd.2 9 102730716 102736818 +

62845_SL0000017304_snRNA 9 105711885 105711901 +

transposon_Subtype=SINE:Alu:AluSc 10 85039242 85039540 +

08032_SL0000000226_snRNA 10 85039351 85039368 -

08033_SL0000009247_snRNA 10 85039351 85039368 +

10984_SL0000000641_miRNA 11 71938750 71938766 -

11640_SL0000009790_miRNA 11 105441935 105441952 +

11798_SL0000000749_scRNA 11 112614773 112614788 -

12320_SL0000009881_snRNA 11 131999198 131999215 +

14338_SL0000001062_scRNA 12 95560323 95560338 -

16106_SL0000010342_miRNA 13 53870398 53870420 +

16974_SL0000001392_snRNA 13 104381441 104381458 -

22155_SL0000002069_snRNA 16 22801178 22801195 -

29301_SL0000012134_snRNA 19 45133077 45133094 +

transposon_Subtype=LINE:L2:L2b 20 45834165 45834427 +

36733_SL0000004248_snRNA 20 61248236 61248253 -

37284_SL0000013491_miRNA 21 22247839 22247861 +

rmsk_repeat_Simple_repeat:(CG)n 21 40032708 40032861 +

37659_SL0000013547_snRNA 21 40032853 40032871 +
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Table 7.4: RESTV MG reporter activity standardization

Concentration Relative values of luciferase activity per replicate

Standard 99.99 100.00 100.00 100.00
NP [100ng] 77.72 80.36 88.76 83.38
NP [250ng] 145.39 88.55 101.85 125.07
VP35 [70ng] 88.04 100.10 73.82 103.97
VP35 [250ng] 90.78 108.01 96.20 114.76
VP30 [70ng] 135.21 110.55 83.28
VP30 [200ng] 92.56 68.71 67.81
No L 0.10 0.37 3.03

Table 7.5: Relative EBOV MG reporter activity in the combination of RESTV and
EBOV components

Exchanged component Relative luciferase per replicate

no L 0.06 2.38 4.53
EBOV 100.00 100.00 100.01
RESTV_NP 0.24 5.58 2.55
RESTV_VP35 35.09 157.37 74.76
RESTV_VP30 27.79 75.96 160.69
RESTV_L 1.64 4.71 8.66
RESTV_NP,VP35 0.92 5.85 1.09
RESTV_NP,VP30 0.28 4.74 1.16
RESTV_NP,L 0.67 4.88 2.64
RESTV_VP35,VP30 33.35 14.47 89.23
RESTV_VP35,L 96.43 123.20 170.61
RESTV_VP30,L 1.62 5.92 56.34
RESTV_NP,VP30,VP35 0.83 4.56 7.66
RESTV_NP,VP35,L 8.96 15.60 141.05
RESTV_NP,VP30,L 0.28 3.53 10.76
RESTV_VP35,VP30,L 87.73 143.85 2370.73
RESTV_NP,VP35,VP30,L 11.79 39.32 549.89
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Table 7.6: Relative RESTV MG reporter activity in the combination of RESTV and
EBOV components

Exchanged component Relative reporter activity per replicate

no L 0.09 0.80 3.22
RESTV 100.00 100.00 100.01
EBOV_NP 148.77 255.77 975.76
EBOV_VP35 7.38 2.09 60.22
EBOV_VP30 372.39 113.10 520.46
EBOV_L 1.48 0.81 4.27
EBOV_NP,VP35 38.14 1.46 222.71
EBOV_NP,VP30 282.46 153.96 1545.88
EBOV_NP,L 37.86 25.03 117.29
EBOV_VP35,VP30 23.96 3.42 40.58
EBOV_VP35,L 0.61 0.77 2.79
EBOV_VP30,L 2.68 1.22 5.93
EBOV_NP,VP30,VP35 135.17 15.86 649.86
EBOV_NP,VP35,L 194.33 23.28 571.94
EBOV_NP,VP30,L 120.33 89.47 417.01
EBOV_VP35,VP30,L 0.47 0.77 4.93
EBOV_NP,VP35,VP30,L 304.91 100.46 532.38

Table 7.7: Relative EBOV MG reporter activity in the presence of viral inhibitors

Added component Relative reporter activity per replicate

EBOV MG 100.01 100 100
RESTV GP 94.57 237.13 209.17
RESTV VP24 0.73 7.97 2.66
RESTV VP40 44.33 122.82 38.91
EBOV GP 93.98 185.99 233.91
EBOV VP24 1.26 4.51 4.67
EBOV VP40 54.52 67.53 206.24
EBOV no L 0.04 0.69 0.17
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Table 7.8: Relative RESTV MG reporter activity in the presence of viral inhibitors

Added component Relative reporter activity per replicate

RESTV 100 100 100.01
RESTV GP 159.79 196.33 151.73
RESTV VP24 1.46 2.64 2.61
RESTV VP40 48.48 199.61 63.80
EBOV GP 140.24 497.92 232.50
EBOV VP24 12.16 13.44 4.32
EBOV VP40 98.87 117.24 109.87
RESTV no L 0.10 0.72 0.14

Table 7.9: Relative MG reporter activity of EBOV and RESTV iVLPs after protein
exchange

Exchanged component Relative reporter activity per replicate

EBOV 100 100 100
RESTV NP 0.33 4.46 5.30
RESTV VP40 85.10 138.61 93.70
RESTV VP24 5.98 86.00 62.30
RESTV GP 46.15 238.17 152.75
EBOV no L 1.67 2.67 1.44

RESTV 100.00 100.00 100.00
EBOV NP 86.09 74.18 79.95
EBOV VP40 35.69 155.30 165.17
EBOV VP24 180.02 189.77 102.70
EBOV GP 23.70 67.44 88.93
RESTV no L 0.11 0.19 0.36
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Table 7.10: Relative reporter MG activity of RESTV and EBOV after AgoMiR treat-
ments

Added AgoMiR Relative reporter activity per replicate

RESTV MG

miR-204 0.77 0.92 2.88 8.60
miR-10a 1.43 7.17 0.84
miR-10b 2.79 6.59 1.98
miR-NC 1.00 1.00 1.01 1.00
no L 0.02 0.01 0.00

EBOV MG

miR-204 0.83 0.29 0.30 0.90
miR-10a 1.10 1.60 1.60
miR-10b 2.10 0.68 1.21
miR-NC 1.00 1.00 1.01 1.00
no L 0.07 0.11 0.15

Table 7.11: Effect of miR-204 on EBOV’s protein amount inside the cells and fila-
mentous particles measured by WB

Added component Cellular quantification Filamentous quantification
NP VP40 Tubulin NP VP40

miR-204 1754896 46002 28842 1065614 18238
miR-NC 1939696 68728 61820 2157364 13244
Medium 3154184 566698 135806 4665958 371734
miR-204 1947114 272948 1493400 1138128
miR-NC 4159107 185463 2075616 829824
Medium 2201341 310496 2639160 1765152
miR-204 2940000 701250 1010252 4790520 4312252
miR-NC 1990000 2818842 1527821 6243375 3987975
Medium 1760000 2905176 1396721 3882552 2859912
miR-204 4756644 1016304 184250
miR-NC 4384968 717678 170650
Medium 5639193 507052 106750
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