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1 Introduction 
 
1.1 Viruses and host cells 

Viruses are obligate intracellular parasites, which makes them highly dependent on their host cells. 

This is especially true for viruses with negative-sense single-stranded RNA genomes, which have a 

limited coding capacity due to their small genomes, and although they often encode multifunctional 

proteins, they remain dependent on host cell metabolic pathways and proteins for almost all processes 

in the viral life cycle. Binding to the host cell surface and the uptake of virus particles is triggered by 

interactions with cellular membrane receptors, which lead to the endocytosis of the virus particles 

(Guardado-Calvo and Rey, 2017; Marzi et al., 2004; Regan and Whittaker, 2013). Acidification of the 

endosomes causes conformational changes in viral glycoproteins leading to interaction with their 

endosomal receptors or directly resulting in fusion of the viral envelope with the endosomal 

membrane and the release of the viral genomes into the cytoplasm (Empig and Goldsmith, 2002; 

Guardado-Calvo and Rey, 2017; Jae et al., 2014; Regan and Whittaker, 2013). While negative-stranded 

RNA genomes are transcribed by the viral RNA-dependent RNA polymerase, the resulting messenger 

RNAs (mRNAs) are translated by the host cell machinery. Although replication of the viral RNA genome 

is performed by the viral polymerase, it not only requires nucleosidtriphosphates (NTPs) as building 

blocks for the newly synthesised genomes, but also cellular proteins to facilitate this step in the viral 

life cycle (Batra et al., 2018; Kruse et al., 2018; Morwitzer et al., 2019). To enable the transport of viral 

proteins or viral nucleocapsids to the site of viral budding, the virus again hijacks cellular transportation 

routes and parts of the cytoskeleton to ensure that all viral proteins are trafficked to the correct 

location within the cell (Adu-Gyamfi et al., 2012; Fehling et al., 2013; Johnston et al., 2019; Takamatsu 

et al., 2018). The maturation of viral glycoproteins, which involves cleavage and extensive 

glycosylation, is also performed by the host cell (Feldmann et al., 1994; Lenz et al., 2001; Shi et al., 

2005; Volchkov et al., 1998). Finally, the membrane of enveloped viruses is derived from the host cell. 

While many of the hijacked host cell proteins and pathways are common to multiple viruses, often 

virus families usurp distinct subsets of host cell proteins to support different steps in their individual 

life cycle. Due to this complexity our knowledge of many host cell interactions specific to a given family 

or a genus of RNA viruses is extremely limited. 

 
1.2 Ebolaviruses 

Viruses of the Ebolavirus genus belong to the family Filoviridae within the order Mononegavirales and 

have a non-segmented, single-stranded RNA genome with a negative polarity (Burk et al., 2016; 

Feldmann et al., 2013). The most widely known member of the Ebolavirus genus is the Ebola virus 

(EBOV), which was first identified in 1976 and is known to cause a severe haemorrhagic fever with case 

fatalities ranging from 40-60 %, known as Ebola virus disease (EVD)(Jacob et al., 2020). Although 
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outbreaks of EVD occur only sporadically, the frequency and the scope of these outbreaks have 

increased in the last decade. During the earliest outbreaks of EVD only a few hundred infections were 

registered, but the West African 2014-2016 EVD outbreak led to almost 30,000 infections with more 

than 11,000 deaths. Since the outbreak in West Africa was declared over, another four outbreaks of 

EVD occurred in the Democratic Republic of Congo, causing more than 2,200 deaths (Jacob et al., 2020;  

WHO, 2020). However, EBOV is not the only known cause of EVD: other ebolaviruses such as 

 
Figure 1: Schematic representation of EBOV genome structure and particle. (A) Genome organization. 
Shown is the genomic organization of EBOV vRNA and the structure of the genomic and antigenomic 
replication promotor in the turquoise and blue box, respectively. (B) EBOV particle structure. EBOV 
particles have the typical filamentous shape of filovirus particles. The glycoprotein is anchored in the viral 
membrane, beneath which the matrix layer composed of VP40 can be found. The matrix layer is associated 
with the nucleocapsid that consists of VP24 and the RNP, which is composed of the vRNA encapsidated by 
NP and complexed with VP30, VP35 and L. 
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Sudan virus, Bundibugyo virus or Taï Forest virus are causative agents for EVD as well (Burk et al., 2016; 

Jacob et al., 2020). Nevertheless, as EBOV is the most prevalent cause for this viral haemorrhagic fever, 

it is also the best-studied ebolavirus. The research on EBOV recently led to the approval of the first 

vaccines against EBOV by the European Medicines Agency (EMA) and the US food and drug 

administration (FDA)(EMA, 2019, 2020; FDA, 2019). While the treatment of EVD is mainly 

symptomatically, many potential drugs/treatment options for EVD are in clinical trials and a 

monoclonal antibody cocktail has been approved by the FDA in October 2020 (FDA, 2020; Hoenen et 

al., 2019). However, despite these immense progresses, many basic mechanisms in the life cycle of 

ebolaviruses remain elusive. 

EBOV particles exhibit the typical filamentous morphology, giving the Filoviridae family its name. 

Virions contain the single-stranded genome, consisting of seven viral genes, which is encapsidated by 

the nucleoprotein (NP) and complexed with the polymerase cofactor viral protein 35 (VP35), the 

transcriptional activator viral protein 30 (VP30) as well as the RNA-dependent RNA polymerase L 

(Fig. 1)(Mühlberger et al., 1999). Together with the viral genomic RNA (vRNA) these proteins form the 

ribonucleoprotein complex (RNP), which is associated with the viral protein 24 (VP24) that is necessary 

for the condensation of the RNPs into nucleocapsid. The viral protein 40 (VP40) is associated with the 

nucleocapsids and forms a matrix layer composed of VP40-dimers below the host-derived viral 

membrane (Wan et al., 2020). In this membrane, the viral glycoprotein (GP1,2) is anchored as trimers, 

which mediate entry into the host cell (Lee and Saphire, 2009).  

 
1.3 Ebola virus life cycle 

Despite our limited knowledge, EBOV is known to hijack several host proteins to facilitate its replication 

cycle (reviewed in Hoenen et al., 2019)(Fig. 2). To enter the cell, the glycoprotein GP1,2 can bind to 

several different cell surface receptors including C-type lectins and glycosaminoglycans. Alternatively, 

phosphatidylserines (PS) on the outer leaflet of the viral membrane can interact with PS-receptors 

such as members of the T-cell immunoglobulin and mucin domain (TIM) family on the cell surface. 

After attachment viral particles are internalised primarily by macropinocytosis (Aleksandrowicz et al., 

2011; Nanbo et al., 2010; Saeed et al., 2010). Once in the endosome, GP1,2 gets cleaved by cellular 

cathepsins, which exposes the receptor binding domain of GP1 and allows its binding to the endosomal 

receptor Niemann-Pick C1 that leads to the fusion of the viral membrane with the endosomal 

membrane, which is mediated by GP2 (Carette et al., 2011; Chandran et al., 2005). After the 

nucleocapsids are released into the cytoplasm, primary transcription of the vRNA is performed by the 

viral polymerase L with its cofactor VP35 and the transcriptional activator VP30, which were brought 

into the cell during infection. For this process, the polymerase L (together with VP35 and VP30) binds 

the vRNA at the 3’ end at a single binding site and scans for the first transcription start signal 
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(tss)(Feldmann et al., 1992; Sanchez and Kiley, 1987). After transcribing the first viral mRNA (NP), the 

polymerase reaches the transcription stop signal resulting in transcriptional termination. The 

polymerase complex then scans until transcription is reinitiated at the next transcription start signal 

resulting in the sequential production of viral mRNAs from all seven genes that are capped and 

polyadenylated by the viral polymerase (Martin et al., 2018; Mühlberger et al., 1996; Sanchez and 

Kiley, 1987). After the first wave of viral mRNAs are translated, the polymerase switches to genome 

replication by a so-far unknown mechanism. Subsequent viral genome replication as well as secondary 

transcription takes place in cytoplasmic inclusion bodies (IBs)(Hoenen et al., 2012; Lier et al., 2017). 

Production of genomes proceeds through a replication intermediary, the antigenomic RNA (cRNA), 

which is produced to serve as template for the synthesis of new vRNA. The genomic replication 

 
Figure 2: EBOV life cycle. After attachment to its cellular receptors, EBOV particles are internalised mainly 
via macropinocytosis (1). Within endosomes, GP1,2 gets cleaved by cathepsins (2), which leads to the binding 
of Niemann-Pick C1 and the fusion of the viral membrane with the endosomal membrane (3). After 
relaxation of the nucleocapsids (4), primary transcription takes place (5). The newly synthesised viral 
proteins can then support replication (6) and secondary transcription (7) in inclusion bodies. Loosely 
encapsidated RNPs associate with VP24 that in turn leads to nucleocapsid condensation (8). Nucleocapsids 
as well as VP40 are transported to the plasma membrane, where GP1,2 is anchored and VP40 promotes the 
formation of new virus particles that bud from the plasma membrane (9). 
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promotor at the 3’ end of the vRNA is bipartite with the first promotor element (PE1) residing within 

the leader region (Fig. 1A)(Weik et al., 2005). PE1 and the second promotor element (PE2) are 

separated by the transcription start signal of the NP gene and a spacer, which has to be a multiple of 

6 nucleotides to efficiently direct replication (Bach et al., 2020; Weik et al., 2005). After production of 

the cRNA, which like the vRNA is co-replicationally encapsidated by NP and complexed with VP35, 

VP30 and L, it serves as the template for the production of new vRNA. Encapsidation of the cRNA is 

required as this is the only form recognised as a templated for viral RNA synthesis (Gubbay et al., 2001; 

Horikami et al., 1992). The synthesis of new vRNA from the cRNA templates is initiated at the 

antigenomic replication promotor, which resides within the trailer region. Although PE1 and PE2 of the 

antigenomic promotor have not been thoroughly mapped in the trailer, sequence comparisons and 

structure predictions suggest a similar structure to that of the genomic promotor (Crary et al., 2003; 

Hoenen et al., 2010; Volchkov et al., 1999). The newly produced encapsidated vRNA complexes with 

L, VP35 and VP30 to form new RNPs (Mühlberger et al., 1999). The new RNPs can now serve as new 

templates for further rounds of transcription known as secondary transcription, which is facilitated by 

the newly synthesised viral proteins. Alternatively, the new RNPs can be condensed into nucleocapsids 

by VP24, which remains associated with these tightly packed nucleocapsids that are transported to the 

plasma membrane in an actin-dependent mechanism (Banadyga et al., 2017; Mateo et al., 2011; 

Takamatsu et al., 2018; Wan et al., 2017; Watt et al., 2014). Transport of GP1,2 occurs along the 

secretory pathway to VP40-enriched regions at the plasma membrane, which allows budding of new 

virus particles (Kolesnikova et al., 2004; Mittler et al., 2007; Sänger et al., 2001). Budding of new virions 

from the host cell plasma membrane is driven by the matrix protein VP40, which, under experimental 

conditions, alone is sufficient for the formation of virus-like particles (VLPs) resembling virions in size 

and shape (Jasenosky et al., 2001; Noda et al., 2002; Timmins et al., 2001). 

 

1.4 Ebola virus life cycle modelling systems 

As EBOV is classified as biosafety level (BSL) 4 pathogen, work with infectious virus is restricted to a 

few laboratories worldwide that have access to a maximum containment facility. To circumvent this, 

life cycle modelling (LCM) systems have been developed, which are powerful tools to study specific 

parts or the whole virus life cycle under BSL1 or BSL2 conditions (depending on local regulations) 

(reviewed in Wendt et al., 2019). A classical minigenome system uses a miniature version of the viral 

genome in which a reporter gene is flanked by the genome ends, as these contain all signals necessary 

for viral replication and transcription (Fig. 3A)(Mühlberger et al., 1999). Depending on the system used, 

the minigenome is transcribed from a plasmid by either the cellular DNA-dependent RNA polymerase 

I or II, or the exogenously expressed T7 polymerase (Groseth et al., 2005; Mühlberger et al., 1999; 

Nelson et al., 2017).  
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The naked minigenome RNA must be illegitimately encapsidated by the recombinantly expressed NP 

to serve as template for viral RNA synthesis (Horikami et al., 1992). In addition to NP the other viral 

RNP proteins (VP35, VP30, L) are expressed from co-transfected plasmids, so that after recognition of 

the encapsidated minigenome viral genome replication and secondary transcription can take place, 

leading to the expression of the reporter protein (Fig. 3B). Reporter activity in this system reflects viral 

replication, secondary transcription and protein expression. In a modified version of this system, viral 

RNA synthesis can be further dissected through the use of a replication-deficient minigenome allowing 

modelling of viral transcription and protein expression in absence of viral replication (Fig. 3C)(Hoenen 

et al., 2010). To enable this, a minigenome lacking 55 nucleotides in its antigenomic replication  

promotor is used, which prevents viral replication, so that only transcription and subsequent protein 

expression are modelled.  

 
Figure 3: Monocistronic EBOV minigenomes and the respective LCM systems. (A) Organisation of 
monocistronic minigenomes. The EBOV genome as well as the monocistronic minigenomes for the classical 
minigenome system and the replication-deficient minigenome system are shown. (B) Model of a classical 
minigenome system. Cells are transfected with the plasmids encoding for the minigenome as well as for 
the T7 polymerase (in case of a T7-driven system) and the viral RNP proteins. The minigenome is transcribed 
by T7 and illegitimately encapsidated by NP to serve as template for replication and transcription by the 
viral polymerase complex. This ultimately results in reporter activity reflecting genome replication, 
secondary transcription and protein expression. (C) Model of a replication-deficient minigenome system. 
In contrast to the processes described in (B), replication cannot take place in this system because of the 
deletion in the antigenomic replication promotor (shown in red). Therefore, reporter activity in this system 
only reflects secondary transcription. 
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A further advancement of the classical minigenome system is the transcription and replication-

competent virus-like particle (trVLP) system, which models the whole virus life cycle under BSL1/2 

conditions (Hoenen et al., 2006; Watanabe et al., 2004). In addition to the minigenome and the viral 

RNP proteins, the viral proteins VP40, VP24 and GP1,2 are expressed in this system. VP40 leads to the 

formation of VLPs, which incorporate the glycoprotein GP1,2 and, due to VP24, also condensed 

nucleocapsids that contain the minigenome. Thus, these VLPs (that are called trVLPs) can be used to 

infect target cells. When these target cells have been pre-transfected with the plasmids encoding for 

the viral RNP proteins, the latter can replicate and transcribe the (mini-)genomes brought into the cell 

by the trVLP infection so that the reporter activity in the target cells reflects all steps in the viral life 

cycle except for primary transcription (Watanabe et al., 2004). In contrast, when non-transfected, 

naïve target cells are infected, only primary transcription of the minigenome can take place due to the 

 
Figure  4: EBOV tetracistronic trVLP system. (A) Minigenome organisation. The EBOV genome as well as 
the tetracistronic minigenome are shown. (B) Model of EBOV trVLP system. Cells are transfected with the 
plasmids encoding for the minigenome, the T7 polymerase and for the viral RNP proteins. Like in the other 
systems, the minigenome gets transcribed by T7 and illegitimately encapsidated by NP. This allows genome 
replication and transcription by the viral polymerase complex. This results in the production of the viral 
proteins VP24, VP40 and GP1,2 as well as the reporter. The reporter activity in producer cells (p0) reflects 
genome replication and secondary transcription, while the viral proteins that were expressed from the 
minigenome lead to the release of trVLPs into the cell culture supernatant. These trVLPs can then be used 
to infect target cells (p1) that have been pre-transfected with the plasmids encoding for the viral RNP 
proteins. These lead to genome replication and secondary transcription of the minigenomes that were 
brought into the cell by the infection. In contrast to p0 cells, the resulting reporter activity in p1 cells models 
the whole virus life cycle except from primary transcription. 
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lack of newly synthesised RNP proteins (Gonzalez-Hernandez et al., 2019; Hoenen et al., 2006). 

Since VP24 and VP40 are known to inhibit viral RNA synthesis, their plasmid-driven overexpression can 

be an obstacle to robust reporter gene activity in the classical trVLP system (Hoenen et al., 2010; 

Watanabe et al., 2004). Therefore, in the tetracistronic trVLP system the minigenome encodes not only 

for the reporter protein, but also for the viral proteins VP40, GP1,2 and VP24 (Watt et al., 2014) (Fig. 4). 

Because VP40, GP1,2 and VP24 are expressed from the minigenome, their expression is much more 

regulated compared to the expression from plasmids. This change makes an important difference for 

the regulation of viral RNA synthesis as well as the infectivity of the resulting trVLPs. Although 

preparations of VLPs generated by expression of VP40 alone as well as monocistronic trVLP 

preparations have been shown to contain typical filovirus-like filamentous particles, inauthentic 

branched or spherical VLPs have been shown to be produced alongside. As a result of these inauthentic 

particles, only a fraction of these VLPs is infectious and thus biologically relevant (Spiegelberg et al., 

2011). Interestingly, tetracistronic trVLP preparations show an approximately 500-fold higher specific 

infectivity than monocistronic trVLP preparations, highlighting the importance of a regulated 

expression of VP40 (Watt et al., 2014). Furthermore, the trVLP system not only allows modelling of all 

steps in the viral life cycle, but it can also model multiple infection cycles as trVLPs can be continuously 

passaged in pre-transfected target cells (Hoenen et al., 2014; Schmidt et al., 2018; paper I). 

While these LCM systems can model the whole viral life cycle, they can also be used to specifically 

analyse certain steps in the virus life cycle. For example, by using the classical minigenome system, we 

are able to model viral RNA synthesis and protein expression independent from modulation by other 

viral processes. Despite their wide-ranging applicability, LCM systems still contain a few artificial steps 

and while initial transcription of the RNA minigenome from DNA and illegitimate encapsidation of the 

naked minigenome can readily be circumvented by using the trVLP assay and performing experimental 

perturbation and analysis of reporter activity in target cells, where these processes do not take place, 

all systems rely on the recombinant expression of the RNP proteins from expression plasmids. 

Therefore, although the trVLP assay has been shown to closely resemble data obtained with live virus, 

the artificial steps mean that ultimately confirmatory experiments with live virus are required (Watt et 

al., 2014; paper I-II).  

 

1.5 Selected host cell pathways relevant for ebolaviruses 

While EBOV has to usurp different host cell proteins and pathways to facilitate its replication cycle, 

many of them are either uncharacterised or unknown. In this thesis, known and novel interactions 

between ebolaviruses and host cells have been characterised and, therefore, selected host cell 

pathways that are relevant for these viruses and this thesis are outlined. 
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1.5.1 Ebola virus budding and the ESCRT complex 

Although the EBOV matrix protein VP40 is the driving force for viral budding, this process cannot be 

accomplished without extensive interactions with the host cell (reviewed in Brandt et al., 2019). After 

trafficking to the plasma membrane via actin-filaments, VP40 interacts with several cellular proteins 

to facilitate budding, most of which are part of the endosomal sorting complex required for transport 

(ESCRT) machinery (Adu-Gyamfi et al., 2012; Harty et al., 2000; Martin-Serrano et al., 2001). Many 

enveloped viruses hijack the ESCRT pathway to promote their budding (reviewed in Votteler and 

Sundquist, 2013). The ESCRT functions that resemble viral budding most closely are endosomal sorting 

and the biogenesis of intraluminal vesicles (ILVs)(reviewed in Vietri et al., 2020). However, the ESCRT 

pathway is involved in many other functions of the cell including cell abscission during mitosis, 

exosome biogenesis, plasma membrane repair and nuclear envelope maintenance. 

ILVs develop in multivesicular bodies (MVBs) and carry cargo that is targeted for degradation in 

lysosomes. The biogenesis of ILVs starts in early endosomes where their cargo is ubiquitinylated. A 

complex, commonly referred to as ESCRT-0, consisting of hepatocyte growth factor-regulated tyrosine 

kinase substrate (HRS) and the signal transducing molecule (STAM), mediates the loading of ILVs with 

ubiquitinylated cargo (Bache et al., 2003; Raiborg and Stenmark, 2009). ESCRT-0 is a multimeric 

complex in which both HRS and STAM are able to bind ubiquitin (Mayers et al., 2011). ESCRT-0 recruits 

ESCRT-I, a complex composed of tumor susceptibility gene 101 (Tsg101), vacuolar protein sorting 28 

(VPS28), vacuolar protein sorting 37 (VPS37) and either MVB sorting factor 12 (MVB12) or ubiquitin 

associated protein 1 (UBAP1). The ubiquitinylated cargo is handed over from ESCRT-0 to Tsg101, which 

binds cargo via its N-terminal ubiquitin E2 variant (UEV) domain, and either MVB12 or UBAP1 

depending on the composition of the complex (Bache et al., 2003; Katzmann et al., 2001; Katzmann et 

al., 2003; Kostelansky et al., 2006). ESCRT-I can in turn recruit the downstream ESCRT-II complex, which 

eventually leads to the recruitment of ESCRT-III and the ATPase vacuolar protein sorting 4 (VPS4). 

ESCRT-III is the key functional component of the ESCRT machinery and can cause membrane sculpting, 

while membrane constriction and scission is mediated in cooperation with VPS4 (Adell et al., 2014; 

Chiaruttini et al., 2015; Schöneberg et al., 2018). Since the ubiquitinylation status of the cargo 

determines whether it is sorted into ILVs, E3 ubiquitin ligases as well as deubiquitinating enzymes are 

the key regulators of the protein sorting mediated by ESCRT (reviewed in Clague et al., 2012). The 

ubiquitin regulators are of additional importance as many of the ESCRT components themselves are 

ubiquitinylated.  

Enabling the interaction and recruitment of ESCRT proteins, viral matrix proteins harbour conserved 

motifs that mimic the interaction of the ESCRT components with each other (reviewed in Votteler and 

Sundquist, 2013). Since budding is a late step in the virus life cycle, these motifs were named late 

domain motifs and although several different motifs have been described there are three highly 
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conserved late domain motifs: P(T/S)AP, PPxY and YPx(n)L/I. Each of these motifs promotes the 

interaction with a specific part of the ESCRT machinery: the P(T/S)AP motif mediates the interaction 

with the ESCRT-I component Tsg101, while the PPxY motif facilitates the recruitment of members of 

the HECT class of E3 ubiqutin ligases, for example neural precursor cell expressed developmentally 

down-regulated protein 4 (NEDD4), WW Domain-Containing Protein 1 (WWP1) and Itchy E3 Ubiquitin 

Protein Ligase (ITCH). The third late domain motif, YPx(n)L/I, interacts with Bro1 domain containing 

proteins like apoptosis-linked gene 2 interacting protein X (Alix; also known as programmed cell death 

6 interacting protein (PDCD6IP)), which recruit the ESCRT-III complex.  

Like many viral matrix proteins, VP40 encodes several late domain motifs, although the overlapping 

PTAP and PPxY motif at amino acid position 7-13 (PTAPPEY) is rather uncommon (Harty et al., 2000; 

Martin-Serrano et al., 2001). These motifs have been shown to be essential for the formation of VLPs 

in cell culture and, in line with observations from other viruses, the PTAP motif of VP40 interacts with 

the UEV domain of Tsg101 and recruits it to lipid rafts in the plasma membrane (Licata et al., 2003; 

Martin-Serrano et al., 2001). Further, the PPxY motif in VP40 promotes the interaction with the E3 

ubiquitin ligases NEDD4, ITCH and WWP1 (Han et al., 2016; Han et al., 2017; Harty et al., 2000). 

Although these were shown to ubiquitinate VP40, the function of VP40 ubiquitination for EBOV 

budding is not fully understood. Strikingly, studies with recombinant EBOV revealed that these motifs, 

which are essential for VLP release in cell culture, are disposable for the formation of new virions, as 

mutations in these two late domains only led to a slight attenuation (Neumann et al., 2005). This 

indicates that other late domains or budding mechanisms must exist and accordingly, a third putative 

late domain, YPx(6)I at amino acid position 18-26 within EBOV VP40 was suggested to mediate the 

interaction with the Bro1-V fragment of Alix (Han et al., 2015). Further supporting the importance of 

Alix in ebolavirus budding and similar to results seen in a YPx(n)I-harbouring retrovirus, overexpression 

of Alix was able to rescue budding of a VP40 variant with mutations in the two overlapping late 

domains in an EBOV VLP assay (Fisher et al., 2007; Han et al., 2015; Strack et al., 2003; Zhai et al., 2008).  

Interestingly, late domain motifs have also been identified in other viral proteins, and particularly in 

nucleoproteins, although their function remains largely unknown. For Marburg virus (MARV), a close 

relative of EBOV, the PSAP motif in NP has been shown to recruit Tsg101 to mediate the actin-

dependent transport of nucleocapsids to the plasma membrane (Dolnik et al., 2010; Dolnik et al., 

2014). Recently, a YxxL motif within ebolavirus VP24 was identified that showed rather uncommon 

characteristics for a late domain motif. The function of this late domain does not involve the ESCRT 

component Alix, which would be expected to interact with this motif, nevertheless it is crucial for the 

ebolavirus life cycle as it regulates viral RNA synthesis (Takamatsu et al., 2020a). 

Despite the importance of its interactions with components of the ESCRT machinery, VP40 was shown 

to induce membrane curvature and deformation on its own, which is mediated by direct interactions 
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and penetration of the plasma membrane by the C-terminal domain of VP40 (Jasenosky et al., 2001; 

Ruigrok et al., 2000; Soni et al., 2013). A basic patch within the C-terminal domain of VP40 interacts 

with PS in the inner leaflet of the lipid bilayer, and this interaction seems to be essential for viral 

budding (Del Vecchio et al., 2018; Ruigrok et al., 2000; Soni et al., 2013). VP40 was also shown to 

associate with phosphatidylinositol-4,5-bisphosphate to promote VLP formation, and this appears to 

be important for VP40 stabilisation and oligomerisation (Johnson et al., 2016).  

Despite the fact that EBOV budding has been studied extensively in the last two decades, there are still 

open questions about how this very complex process is accomplished. Budding involves interactions 

with many different cellular components, many of which are likely to not have been identified yet.  

 

1.5.2 Pyrimidine synthesis 

Like their host cells viruses require pyrimidines and purines as building blocks for the synthesis of their 

nucleic acids. These nucleotides can either be recycled through salvage pathways or de novo 

synthesised in processes that require more energy than recycling and mainly occur during mitosis 

(reviewed in Evans and Guy, 2004). Pyrimidines are not only necessary for the synthesis of nucleic acids 

but are also crucial for other cellular metabolisms such as the assembly of cell membranes, for which 

CDP-diacylglycerol phoshoglyceride is needed (Evans and Guy, 2004). Furthermore, uridine 

diphosphate sugars (UDP-sugars) are essential for glycogen synthesis as well as protein glycosylation. 

Consequently, it has been shown that many viruses hijack the de novo pyrimidine synthesis pathway 

to gain the necessary supply of pyrimidines (Hoffmann et al., 2011; Ortiz-Riano et al., 2014).  

The de novo pyrimidine synthesis pathway starts with building up the pyrimidine ring before this can 

be attached to a ribose to form a pyrimidine nucleotide (Fig. 5). First, glutamine is hydrolysed to form 

glutamate and ammonia by the glutaminase (GLN) domain of the multifunctional protein Carbamoyl-

phosphate synthetase 2, aspartate transcarbamylase and dihydroorotase (CAD), and this ammonia 

together with bicarbonate, aspartate and adenosine triphosphate (ATP) is used in the first three steps 

of the de novo pyrimidine synthesis, which are also facilitated by CAD (Coleman et al., 1977; Lee et al., 

1985). Specifically, the carbamoyl phosphate synthetase (CPS) domain of CAD catalyses the reaction 

of bicarbonate with ammonia and two ATP molecules to carbamoyl phosphate via the formation of 

carbamic acid. The resulting carbamoyl phosphate in turn represents the substrate for the formation 

of carbamoylaspartate by reacting with aspartate in a reaction that is catalysed by the aspartate 

transcarbamylase (ATC) domain of CAD (Evans and Guy, 2004; Irvine et al., 1997). Cycling of 

carbamoylaspartate to form dihydroorotic acid is facilitated by the fourth enzymatic domain of CAD, 

the dihydroorotase (DHO) domain (Evans and Guy, 2004; Kelly et al., 1986). The following oxidation of 

dihydroorotic acid to orotic acid is catalysed by the dihydroorotate dehydrogenase (DHODH), a step 

that can be inhibited with the use of several known inhibitors of DHODH like teriflunomide or A3 
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(Hoffmann et al., 2011; Miller, 2017). Orotic acid is then coupled to ribose in a two-step reaction 

mediated by the uridine monophosphate synthetase (UMPS)(Jones, 1980). The ribose for this reaction 

is supplied by 5-phosphoribosyl-1-pyrophosphate (PRPP) that reacts with orotic acid to orotidine 

monophosphate before this in turn is carboxylated to form uridine monophosphate (UMP). As the 

pyrimidine nucleotides that can be used for RNA synthesis are uridine triphosphate (UTP) and cytidine 

triphosphate (CTD), UMP has to be phosphorylated twice to generate UTP. UTP in turn can then either 

be used as nucleotide itself or it is aminated to form CTP.  

For the de novo biosynthesis of pyrimidines several cellular compartments are necessary. The first 

enzyme, CAD, is known to locate in the cytoplasm in resting cells and is upregulated by phosphorylation 

by MAP kinases. The phosphorylation of amino acid T456 was shown to lead to the translocation of 

CAD into the nucleus (Chaparian and Evans, 1988; Sigoillot et al., 2003; Sigoillot et al., 2005). However, 

the function of CAD in the nucleus remains largely unknown. It could only be shown that CAD is 

important for the replication of adenoviruses at the nuclear matrix, where it anchors the adenovirus 

pTP protein for viral replication (Angeletti and Engler, 1998). In the cytoplasm, CAD localises in close 

proximity to mitochondria where other members of the biosynthesis pathway are located. The second 

enzyme in the biosynthesis pathway, DHODH, is anchored in the inner mitochondrial membrane, with 

the active site being localised in the inner membrane space (Carrey et al., 2002; Chaparian and Evans, 

 
Figure 5: De novo pyrimidine synthesis. Shown are the six reactions of the pyrimidine biosynthesis pathway 
and the respective enzymes. The multifunctional protein CAD catalyses the reaction from bicarbonate and 
ammonium via carbamoyl phosphate and carbamoylaspartate to dihydroorotic acid. This in turn is then the 
substrate for the reaction to orotic acid, which is catalysed by DHODH. Orotic acid represents the substrate 
for the reaction with 5-phosphoribosyl-1-pyrophosphate to form orotidine monophosphate and then 
uridine monophosphate (UMP). These two reactions are catalysed by UMPS. 
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1988; Jones, 1980). Similar to CAD, the third enzyme UMPS can also be found around the mitochondria 

in the cytoplasm (Jones, 1980). 

The activity of the de novo synthesis pathway is controlled by both expression of the necessary 

enzymes as well as through metabolic inhibition or activation. CAD is upregulated in proliferating cells 

and gets degraded in apoptotic cells (Boyd and Farnham, 1997; Huang and Graves, 2003; Khan et al., 

2003). On a metabolic level, the CPS domain of CAD is the most regulated enzyme during the 

biosynthesis, as it can be either inhibited by UTP or activated by PRPP (Jones, 1980; Liu et al., 1994; 

McCudden and Powers-Lee, 1996). 

 

1.5.3 Nuclear mRNA export 

Another host cell pathway that is often hijacked by viruses is the nuclear mRNA export pathway (Grüter 

et al., 1998; Larsen et al., 2014; Tunnicliffe et al., 2011). The export of cellular mRNAs from the nucleus 

is a very complex and precisely regulated process. The cell has to ensure that all mature mRNAs, i.e. 

mRNAs that are spliced, contain a 5’ cap-structure and a 3’ poly(A)-tail, are exported from the nucleus 

in the form of messenger ribonucleoprotein complexes (mRNPs) to guarantee their translation. At the 

same time, pre-mRNAs have to be retained in the nucleus until they undergo the entire maturation 

process and are only exported as mature mRNPs. To regulate this, all processes from transcription and 

splicing to nuclear export are tightly linked. During the maturation process the mRNA is handed from 

one protein or protein complex to the next to ensure that no step in this pathway is skipped.  

Capping, splicing and poly(A)-tailing occur co-transcriptionally, and thus components of the 

transcription- and export (TREX) complex also bind the mRNA co-transcriptionally in order to link 

nuclear export of mRNPs with these processes (Köhler and Hurt, 2007; Viphakone et al., 2019)(Fig. 6A). 

The TREX complex consists of various proteins, but the export adaptors U2AF65-associated protein 56 

(UAP56, also known as DExD-Box helicase 39B (DDX39B)), the THO (suppressors of the transcriptional 

defects of hpr1 delta by overexpression) complex (THOC) proteins and Aly (also known as Aly/REF or 

THO complex 4 (THOC4)) represent the minimum requirement for this complex to assemble. However, 

it should be noted that many more export adaptor proteins, for example chromatin target of PRMT1 

protein (CHTOP) or SAP domain containing ribonucleoprotein (SARNP, also known as cytokine-induced 

protein of 29 kDa (CIP29)), are known to associate with the TREX complex to mediate downstream 

processes in the mRNA export pathway (Chang et al., 2013; Dufu et al., 2010).  

The THOC proteins form the backbone of the TREX complex, with THOC5-7 being necessary for the 

oligomerisation and assembly of the whole complex, while the THO core (THOC1-3) forms a 

subcomplex with UAP56 (Puhringer et al., 2020). This THOC1-3:UAP56 complex provides the surface 

for the interaction with other export proteins or mRNA. UAP56 is an important component for 

spliceosome assembly, and post-splicing recruits the key export adaptor Aly to spliced and intronless 
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Figure 6: NXF1-mediated nuclear mRNA export. (A) Model of nuclear mRNA export. The DNA-dependent 
RNA polymerase II (Pol II) transcribes the genomic DNA into pre-mRNA. The pre-mRNA is cotranscriptionally 
capped, spliced and polyadenylated, resulting in mature mRNA. To mediate the nuclear export, the TREX 
complex assembles and associates with the spliced mRNA. UAP56 hands over the mRNA to Aly, which in 
turn recruits NXF1. The interaction between Aly, THOC5 and NXF1 leads to the conformational activation 
of NXF1 and triggers the dissociation of UAP56 from the complex. Methylation of Aly leads to the handover 
of the mRNA to NXF1 and the TREX complex dissociates from the mRNA before NXF1 shuttles the mRNA 
through the nuclear pore complexes (NPCs). In the perinuclear region, RBM15 mediates the interaction 
between NXF1 and DDX19, which is necessary for the release of the mRNA. (B) Structural organisation of 
NXF1. The different domains of NXF1 are depicted with a subset of their respective interaction partners. 
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mRNA in the TREX complex. This recruitment triggers the ATPase activity of UAP56 and ATP hydrolysis 

ultimately leads to the handover of the mRNA from UAP56 to Aly (Luo et al., 2001; Shen et al., 2008; 

Shen et al., 2007; Taniguchi and Ohno, 2008). Subsequently, Aly recruits the nuclear RNA export 

factor 1 (NXF1, also known as Tap) to the mRNA, which is responsible for the export of the vast majority 

of cellular mRNAs (Guzik et al., 2001; Katahira et al., 1999). NXF1 consists of five distinctive domains 

(RNA-binding domain (RBD), RNA-recognition motif (RRM), leucine-rich repeats (LRR), NTF2-like 

domain (NTF2) and ubiquitin-associated domain (UBA)), and it forms a stable heterodimer with p15 

(also known as NTF2-related export protein 1 (NXT1))(Fig. 6B). The interaction with p15 is mediated 

via the NTF2 domain of NXF1, while RNA-binding is mediated by an arginine-rich stretch in the RBD of 

NXF1 (Guzik et al., 2001; Hautbergue et al., 2008; Katahira et al., 1999). As the Aly:NXF1 and Aly:UAP56 

interactions are mutually exclusive, the recruitment of NXF1 leads to the displacement of UAP56 from 

the complex (Fig. 6A)(Hautbergue et al., 2008). The interactions between THO complex 5 (THOC5; also 

known as Fms-interacting protein (FMIP)) and NXF1-NTF2 as well as between Aly and the N-terminal 

RBD and RRM domains of NXF1 lead to a conformational activation of NXF1, which enhances the RNA-

binding capability of NXF1 (Viphakone et al., 2012). The increase in affinity of NXF1 for RNA, together 

with the methylation of Aly, triggers the handover of the mRNA from Aly to NXF1 (Hautbergue et al., 

2008; Hung et al., 2010; Viphakone et al., 2012). This handover displaces the TREX complex from the 

mRNA and NXF1 subsequently shuttles the mRNPs through the nuclear pore complexes (NPC) via 

interactions between its C-terminal NTF2 and UBA domains and phenylalanine/glycine-repeats in the 

nucleoporins (Braun et al., 2002; Fribourg et al., 2001). Finally, the interaction between RNA-binding 

motif protein 15 (RBM15) and NXF1 facilitates the recruitment of the DExD-Box helicase 19 (DDX19, 

also known as Dbp5) to the NXF1-mRNP complexes, which is necessary for the removal of NXF1:p15 

from the mRNA (Uranishi et al., 2009; Zolotukhin et al., 2009). 
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2 Objectives 
 

EBOV causes severe haemorrhagic fevers with high case fatality rates in humans, but despite recent 

intense research efforts our knowledge about basic processes in the viral life cycle remains limited. 

Especially the interactions between EBOV and the host cell are largely uncharacterised or even 

unknown, although ebolaviruses are highly dependent on host cell proteins for almost every step in 

their viral life cycle. Importantly, a better understanding of these interactions would allow us to target 

them with indirectly acting antivirals, and given the fact that host factors are often used by multiple 

viruses, such an approach has the potential to yield broadly active antivirals not only active against 

EBOV, but also against other viruses. Thus, the aim of this thesis was to uncover and characterise EBOV-

host cell interactions and their role for basic processes in the viral life cycle. In this context, this thesis 

sought to answer three questions: 

 

1) What relevance does a recently proposed late domain motif within EBOV VP40 have for the 

budding of viral particles? 

Recently, a putative late domain motif that was suggested to mediate the interaction with the 

ESCRT component Alix has been identified using the VP40-only VLP budding assay (Han et al., 

2015). However, as this assay is known to produce a significant amount of biologically 

irrelevant VLPs, we sought to validate the importance of the proposed late domain motif with 

the EBOV trVLP system, which more authentically resembles budding of EBOV particles, in 

order to assess whether the host cell interaction with the putative late domain motif could 

indeed be used as a potential target for antivirals.  

 

2) Which so-far unknown host cell proteins are important for EBOV RNA synthesis and protein 

expression? 

While EBOV budding and the contributions of host cell proteins to this process have been 

studied rather extensively, little is known about host cell proteins necessary for viral RNA 

synthesis and protein expression. Therefore, we performed a genome-wide siRNA screen in 

the context of an EBOV minigenome assay to uncover novel EBOV-host cell interactions. After 

validation of the top hits with reporter-expressing recombinant EBOV, the relevance of 

selected identified host proteins for the life cycles of other negative-stranded RNA viruses was 

analysed, in order to assess the idea that such virus-host interactions can be used as 

foundation for broadly active antivirals.  
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3) What is the role of the identified host cell proteins in EBOV RNA synthesis and gene expression? 

Having identified a number of host factors in objective 2, the interactions between these host 

factors and EBOV as well as the functional role of these host cell proteins were analysed using 

a wide array of methodological approaches. These included the use of LCM systems in the 

context of siRNA-mediated knockdown of the respective host protein, co-immunoprecipitation 

assays and mutagenesis studies, and co-immunofluorescence assays to analyse whether these 

host proteins are recruited to the site of viral RNA synthesis.  

 

Answering these questions does not only increase our understanding of basic processes in the EBOV 

life cycle, but also has the potential to be of importance for other viruses, as virus-host interactions 

are often shared among different virus families. This is of course not only of relevance from a basic 

science perspective, where a better understanding of EBOV-host cell interactions might also increase 

our understanding of the life cycle of negative sense-RNA viruses in general, but such interactions also 

represent promising targets for the development of broadly active antivirals. Given that many of the 

viruses known to cause severe haemorrhagic fevers frequently occur in the same geographical regions, 

which are also often areas with limited resources, the identification of targets for an antiviral therapy 

that would be applicable to a subset or even all of these viruses would simplify the therapy of viral 

haemorrhagic fevers enormously and might even be of use for newly emerging viruses.  
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Figure S1. Comparison of T7 and Pol-II-driven replication-deficient minigenomes. 293T cells were transfected 
with plasmids encoding for all minigenome components (NP, VP35, VP30, polymerase L and/or T7) as well as either 
a T7-driven or Pol-II-driven minigenome. After 48 hours, cells were harvested and reporter activity was measured. 
As negative control, the plasmid encoding for the viral polymerase was omitted. Means and standard deviations 
for two independent experiments are shown, and mean differences between the controls are indicated.   
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Figure S1. RNA dependence of the interaction between NXF1 and VP35. 293T cells were transfected 
with plasmids encoding for flag/HA-NXF1 and VP35. Forty-eight hours post transfection, cells were 
lysed and were either treated with RNase A (100 µg/ml) or remained untreated before samples were 
subjected to immunoprecipitation with anti-flag antibodies. Input and precipitates were analyzed via 
SDS-PAGE and Western blot using anti-flag and anti-VP35 antibodies 

 

 

Figure S2. Influence of NXF1 overexpression on viral RNA synthesis and protein expression. 293T 
cells were transfected with plasmids encoding for all minigenome components (minigenome, NP, VP35, 
VP30, polymerase L, T7) as well as either NXF1 or empty vector (pCAGGS). As negative control the 
plasmid encoding for the viral polymerase was omitted. Reporter activities in relation to cells transfected 
with empty vector are shown.    
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5 Results and discussion 

 
To improve our understanding of EBOV-host cell interactions and to identify and characterise possible 

targets for broadly active antivirals, we first examined the importance of a putative late domain in the 

EBOV matrix protein VP40, which had been suggested to be necessary for viral budding (paper I). Since 

the results from this study argued against an important role of this specific interaction, in a more 

agnostic approach we next sought to identify new host proteins that are involved in viral RNA synthesis 

and protein expression by performing a genome-wide siRNA screen in the context of an EBOV 

minigenome system (paper II). As this study returned a number of promising hits, we subsequently 

characterised the function of two of the identified proteins, CAD and NXF1, in the EBOV life cycle using 

a wide range of LCM systems and molecular assays (papers III-IV). 

 

5.1 Analysis of the role of a putative third late domain for the Ebola virus life cycle 

Like many other viruses, EBOV is known to hijack the cellular ESCRT complex to facilitate viral budding 

(reviewed in Brandt et al., 2019; Votteler and Sundquist, 2013). The EBOV matrix protein VP40 

harbours two overlapping late domain motifs (PTAP and PPEY), which have been shown to be 

necessary for the interaction with different ESCRT components (Harty et al., 2000; Martin-Serrano et 

al., 2001). Although these two late domains are crucial for the formation of VLPs, mutations in these 

two motifs have only a minor impact on the replication of infectious virus, which recently led to the 

suggestion of a third putative late domain in EBOV VP40 (Han et al., 2015; Licata et al., 2003; Neumann 

et al., 2005). This late domain motif (YPx(6)I) was shown to mediate the interaction with the ESCRT 

component Alix. However, these studies were performed with the use of classical VLP assays, in which 

VP40 is overexpressed from an expression plasmid in absence of other EBOV proteins. As these VLP 

preparations are known to also contain inauthentically shaped particles that can misrepresent results 

(Spiegelberg et al., 2011), we sought to validate the results in a more authentic system. In paper I the 

EBOV tetracistronic trVLP system was used to analyse the contribution of the putative YPx(6)I motif, 

which leads to a more regulated expresssion of VP40, GP1,2 and VP24, and thereby more closely 

resembles authentic ebolaviral morphogenesis and budding (Watt et al., 2014). Analysing the function 

of the putative third late domain motif alongside with the previously described ones in a trVLP context 

with either a green fluorescent protein (GFP) or a luciferase as reporter protein, we could show that 

mutations in the two classical late domains led to a reduction in reporter activity over five or three 

passages, respectively. The reduction in reporter activity closely resembles data obtained with 

recombinant infectious viruses, which highlights the accuracy of the tetracistronic trVLP system 

(Neumann et al., 2005). Mutations in the newly proposed late domain motif on the other hand showed 

no effect on reporter activity in comparison with wildtype (WT) VP40 in either assay. When mutations 
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in the novel putative third late domain motif were introduced in combination with mutations in the 

two classical late domain motifs, no additive effect was detectable. Furthermore, we collected and 

purified trVLP-containing supernatants and quantified the amount of VP40 to directly assess the 

importance of the third late domain in viral budding. Although mutations in the two classical late 

domain motifs led to a strong decrease in trVLP production resembling previous data (Neumann et al., 

2005), mutations in the putative late domain had no effect on particle production in comparison to 

WT VP40. Introducing mutations into the novel putative late domain in addition to the mutations in 

the two classical late domains again showed no additive effect. Although further studies with 

recombinant EBOV are necessary to ultimately confirm these findings, our data strongly suggest that 

this motif is not required for EBOV budding.  

The difference between our data and the previous study can be explained through the use of different 

experimental systems. This interpretation is supported by the fact that when the classical late domain 

motifs were first identified using the VP40-only VLP assay they were shown to be crucial, with 

mutations of these classical motifs resulting in abolition of budding (Licata et al., 2003). However, when 

these mutations were introduced into recombinant EBOV, only a small reduction in titre was seen 

(Neumann et al., 2005). In our trVLP system these mutations more closely resemble recombinant virus 

than the VP40-only VLP assay, validating our approach as more representative. 

Nevertheless, it is important to note that we could observe residual trVLP budding activity with a VP40 

variant harbouring mutations in the two classical late domain motifs (or all three motifs), which we 

could not detect in absence of VP40. This clearly indicates that there must be other motifs or 

mechanisms that contribute to VP40-driven viral budding. One possible mechanism could be the direct 

interaction of VP40 with lipids in the plasma membrane, which has been shown to cause membrane 

curvature on its own (Jasenosky et al., 2001; Ruigrok et al., 2000; Soni et al., 2013). Furthermore, it is 

known that expression of GP1,2 alone can lead to the formation of pleomorphic particles, which 

explains the residual particle production observed after infection with trVLPs lacking VP40 (Noda et 

al., 2002). This phenomenon was also recently seen in another study using the tetracistronic trVLP 

system in absence of VP40, indicating that at least some of these GP1,2-derived particles contain 

nucleocapsids (Bodmer et al., 2020). However, this incorporation was inefficient, as hardly any 

reporter activity was seen after more than two passages, reinforcing the requirement for VP40 for the 

formation of authentic virus particles (Noda et al., 2002). In summary, while our results strongly 

suggest that the proposed third late domain motif does not contribute to EBOV budding, further work 

will be required to identify and decipher the additional mechanisms or motifs involved in this process.  
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5.2 Identification of novel host factors that are important for Ebola virus RNA synthesis 

with a genome-wide siRNA screen 

While EBOV particle morphogenesis and budding has been studied extensively, little is known about 

cellular proteins that are important for viral RNA synthesis and protein expression. To address this, in 

paper II we performed a genome-wide siRNA screen in the context of an EBOV minigenome assay to 

specifically search for host cell proteins involved in this process. 

Although a high-throughput screen (HTS) with infectious virus would most likely identify host factors 

important for the virus life cycle with more confidence, performing screens in this way has a number 

of disadvantages (reviewed in Wendt et al., 2019). First of all, an HTS with a BSL4 pathogen is barely 

feasible because of the need to perform the screen in a maximum containment facility, which in most 

cases does not have the infrastructure to perform such an HTS. Furthermore, an HTS with reporter 

viruses would identify host factors that play a role in any step of the virus life cycle, with little 

information to the underlying mechanism. In contrast to this, an HTS with a classical minigenome 

system specifically identifies host factors that are necessary for viral RNA synthesis and protein 

expression. Importantly, the artificial steps of a minigenome system, for example the illegitimate 

encapsidation of the naked minigenome or the plasmid-driven expression of the RNP proteins, may 

lead to false-positive results, which makes a validation of the identified hits with infectious virus 

necessary. However, this is much more feasible in a maximum containment facility than performing 

the whole HTS with infectious virus.  

Before applying this approach, the EBOV minigenome system had to be optimised to meet the 

requirements of an HTS (reviewed in Wendt et al., 2019). This optimisation included downscaling of 

the minigenome system to a 96-well format to determine the Z’ factor of the assay. The Z’ factor gives 

a measurement for the suitability of an assay for a HTS and represents the ratio of separation band 

(difference between the means of the positive control minus three standard deviations and the 

negative control plus three standard deviations) to dynamic range (difference between the means of 

the positive and negative controls)(Zhang et al., 1999). As an assay with a Z’ factor higher and around 

0.5 is considered to be well suited for an HTS and our Renilla luciferase-expressing minigenome only 

led to a Z’ factor of 0.28, the reporter gene was exchanged against the brighter nano-luciferase. This 

resulted in a suitable assay performance that allowed the downscaling to the 384-well format used for 

the HTS. 

After optimisation, 21,566 genes were targeted with 64,755 individual siRNAs to analyse their function 

for viral RNA synthesis and protein expression in a primary screen using the optimised EBOV 

minigenome system. To validate the findings from this first assay, we performed a secondary assay in 

which the most promising genes (those resulting in the largest change in reporter gene activity) were 

targeted using siRNAs followed by infection with a recombinant EBOV expressing a luciferase reporter 
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from an additional transcriptional unit between the NP and VP35 genes (Hoenen et al., 2013). This 

approach led to the identification of three host proteins that appeared to be important for viral RNA 

synthesis or protein expression: the DExD-Box helicase UAP56, the nuclear RNA export factor NXF1 

and the multifunctional protein CAD.  

All three factors and their respective pathways had previously been shown to be usurped by other 

viruses. UAP56 plays an important role for the life cycle of Influenza A viruses, as it prevents the 

formation of double-stranded RNA complexes that could result in an activation of the cellular immune 

response (Wisskirchen et al., 2011). Furthermore, Influenza viruses were shown to hijack UAP56 to 

ensure the correct encapsidation of Influenza virus RNPs (Hu et al., 2017; Kawaguchi et al., 2011). 

Interestingly, UAP56 and NXF1 are both components of the nuclear mRNA export pathway, which was 

shown to be usurped by many viruses including herpesviruses, retroviruses, influenza viruses and 

hepatitis B viruses (Grüter et al., 1998; Hu et al., 2020; Lischka et al., 2006; Read and Digard, 2010; 

Tunnicliffe et al., 2014). These viruses hijack the nuclear mRNA export pathway to export their viral 

mRNAs from the nucleus. However, in contrast to these viruses EBOV replicates in cytoplasmic 

inclusion bodies, which makes the same mechanism unlikely for the EBOV life cycle (Hoenen et al., 

2012). Also, CAD and especially the de novo pyrimidine biosynthesis have been described to be 

important for a wide range of viruses before (Angeletti and Engler, 1998; Bilger et al., 2017; Chen et 

al., 2019; Cheung et al., 2017; DeVito et al., 2014; Hoffmann et al., 2011). However, previously 

described functions of the de novo pyrimidine synthesis in viral life cycles like the synthesis of UDP-

sugars for cytomegalovirus or the requirement of pyrimidines to promote proliferation of B and T cells 

for the life cycle of Epstein-Barr virus can already be excluded due to the setup of our primary assay 

(Bilger et al., 2017; DeVito et al., 2014). The only ebolaviral protein known to be glycosylated (GP1,2) 

was not present in the classical minigenome assay and the HTS was performed in human embryonic 

kidney cells (HEK 293T) with B and T cells being absent in our screen and these cells are also generally 

not believed to be infected by EBOV. Furthermore, CAD was described to be important for anchoring 

the adenoviral pTP protein to the nuclear matrix to support viral replication, but as EBOV replicates in 

cytoplasmic inclusion bodies also this mechanism seems unlikely to be the reason for the importance 

of CAD for EBOV life cycle (Angeletti and Engler, 1998). 

To assess whether the identified proteins represent host cell factors that are also used by other 

negative-sense RNA viruses that share properties in their life cycle with EBOV, e.g. replication in 

inclusion bodies in the cytoplasm, the effect of an siRNA-mediated knockdown of CAD and NXF1 on a 

Junìn virus (JUNV) minigenome was analysed (Dunham et al., 2018). This revealed that NXF1 is 

important for the JUNV life cycle as well, while CAD seems to be dispensable for JUNV RNA synthesis, 

indicating that the function of CAD in the EBOV life cycle is not shared among all viruses with similar 

life cycles. CAD catalyses the first three steps of the de novo pyrimidine synthesis pathway and re-
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evaluation of the primary screen data revealed that knockdown of the downstream factors in this 

pathway, DHODH and UMPS also led to a reduction in reporter activity, consistent with other studies 

that demonstrated that inhibitors of either of these two enzymes inhibit EBOV RNA synthesis (Luthra 

et al., 2018; Uebelhoer et al., 2014; Welch et al., 2016). However, these effects were less pronounced, 

consistent with the role of CAD catalysing the rate limiting step in the de novo pyrimidine pathway.  

To further confirm a role of the de novo pyrimidine synthesis pathway in EBOV RNA synthesis, we used 

teriflunomide, a known and approved inhibitor of DHODH, in EBOV minigenome assays with which we 

observed a dose-dependent effect. This effect could be restored by providing exogenous orotic acid, 

the product of the DHODH reaction inhibited by teriflunomide. These results indicate that indeed the 

function of CAD in the pyrimidine synthesis pathway makes it important for the EBOV life cycle. 

Additionally, teriflunomide is already approved by the EMA and the FDA for the treatment of multiple 

sclerosis, making it attractive for further testing against an EBOV infection in vivo (Miller, 2017). 

To further validate our findings, teriflunomide was used in an EBOV trVLP system as well as in an EBOV 

infection. Both experiments confirmed the results from the minigenome assay. To assess whether 

teriflunomide is also active against other RNA viruses, we tested the inhibitor in infection experiments 

with Newcastle Disease virus, Rabies virus and Influenza A virus. However, only Newcastle Disease 

virus was strongly inhibited by teriflunomide, further indicating that the de novo pyrimidine synthesis 

is important for some but not all negative-sense RNA viruses. In contrast to our study, another DHODH 

inhibitor, FA-613 has been shown to be active against Influenza A virus (Cheung et al., 2017). However, 

this appeared not be a direct effect, but instead functioned by stimulating the cellular interferon 

response. This different mode of action may explain why this inhibitor, as well as teriflunomide, was 

not active against influenza A in the interferon-deficient Vero cells used in our study. Teriflunomide 

did however inhibit EBOV infection in these cells, indicating that the function of the pyrimidine 

synthesis for the EBOV life cycle is unrelated to the interferon response.  

Inhibition of the de novo pyrimidine synthesis and especially DHODH appears to be a very promising 

approach for a broadly acting antiviral treatment, as a growing number of DHODH inhibitors with 

antiviral properties are being identified for many different viruses, including arenaviruses, 

arteriviruses, rotaviruses and picornaviruses (Chen et al., 2019; Kim et al., 2020; Mei-Jiao et al., 2019; 

Valle-Casuso et al., 2020). Furthermore, as the majority of viruses seems to be dependent on the 

cellular supply with pyrimidines, this does not only provide us with potential therapeutics for already 

known viruses, but it is especially valuable as treatment option for newly emerging viruses like the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that as of December 2020 led to more 

than 75 million known infections causing more than 1.6 million deaths (Dong et al., 2020; John Hopkins 

University, 2020). Indeed, recent studies showed that new DHODH inhibitors that are active against 

EBOV also inhibit SARS-CoV-2, highlighting the conservation of the de novo pyrimidine synthesis for 
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viral life cycles (Luban et al., 2020; Xiong et al., 2020). However, as most studies have only been 

performed in cell culture, the antiviral effects of the pyrimidine synthesis inhibitors remain yet to be 

confirmed in clinical trials.  

 

5.3 Characterisation of the role of CAD in Ebola virus RNA synthesis 

Having shown that CAD seems to be essential for EBOV RNA synthesis and/or protein expression 

(paper II), we sought to further characterise its precise function in these processes in paper III. The 

siRNA-mediated knockdown of CAD in the context of different LCM assays allowed dissection of the 

viral RNA synthesis into its individual steps. This revealed that CAD is important for both replication 

and transcription, as we could observe a decrease in reporter activity in both the replication-

competent as well as the replication-deficient minigenome systems, and both vRNA and mRNA levels 

were reduced upon CAD knockdown. To assess whether the canonical function of CAD in the 

pyrimidine synthesis pathway is responsible for these results, we performed substrate rescue 

experiments in which we knocked down CAD, but provided the pyrimidines UTP or CTP in trans. 

Indeed, addition of pyrimidines rescued the knockdown of CAD and UTP had a stronger effect than 

CTP. This difference is most likely due to the way these NTPs are synthesised: Since CTP is formed by 

amination of UTP, providing UTP also provides increased substrate for the production of CTP. However, 

this reaction is not catalysed in reverse, so that providing additional CTP has no effect on the levels of 

UTP. These findings support our previous conclusion that the function of CAD in the de novo pyrimidine 

synthesis is important for EBOV RNA synthesis (paper II).  

In resting cells, CAD is localised in the cytoplasm but upon phosphorylation at T456 by MAP kinases 

CAD is enzymatically activated and can translocate to the nucleus (Sigoillot et al., 2005). As EBOV 

replicates in cytoplasmic IBs and since it is known that NP in particular recruits a number of cellular 

proteins to these structures (Dolnik et al., 2015; Gabriel et al., 2015; Nelson et al., 2016), we examined 

whether cytoplasmic CAD could be found within NP-derived IBs. Indeed, NP overexpression as well as 

an infection with live EBOV led to an accumulation of CAD in IBs. Although we were not able to assess 

whether CAD is recruited in its phosphorylated or unphosphorylated state, it has been shown 

previously that NP also recruits kinases and phosphatases into IBs, providing for the possibility of CAD 

activation inside these IBs (Kruse et al., 2018; Morwitzer et al., 2019; Takamatsu et al., 2020b). Further 

investigation revealed that the GLN, but not the CPS-domain of CAD is necessary for the recruitment 

into IBs, which demonstrates that the phosphorylation of CAD at T456 is not a prerequisite for the 

redistribution into IBs, as this threonine is situated in the CPS domain. We further assessed whether 

NP directly interacts with CAD to recruit it to IBs and we could show that NP interacts with CAD in an 

RNA-independent manner, suggesting that NP directly recruits CAD into IBs. However, it remains 

unclear whether EBOV also recruits enzymes of the de novo pyrimidine synthesis pathway acting 
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downstream of CAD such as DHODH and UMPS into IBs. While this appears possible for the 

cytoplasmically localised UMPS, DHODH is anchored in the inner mitochondrial membrane, which 

likely prevents its recruitment into IBs (Carrey et al., 2002). As a result, it would be necessary for EBOV 

to either recruit mitochondria in close proximity to IBs or to form IBs in proximity to mitochondria. 

Interestingly, electron microscopy analyses of the closely related MARV showed mitochondria in close 

proximity to IBs, which supports the idea that EBOV might indeed hijack the whole pyrimidine synthesis 

pathway (Dolnik et al., 2015).  

While our data suggest that the canonical role of CAD in the de novo pyrimidine synthesis is important 

for the EBOV life cycle, for Influenza virus it has been shown that an inhibition of this pathway can 

reverse the virus-induced mRNA export block by upregulation of NXF1 expression levels (Zhang et al., 

2012). Even though EBOV is not known to cause such an mRNA export block, there clearly appears to 

be a connection between mRNA export and pyrimidine levels in the cell, and given that both CAD and 

NXF1 were the most promising hits in the genome-wide siRNA screen (paper II), investigating whether 

there is a connection between these two processes in the EBOV life cycle becomes an interesting 

question for future studies and might reveal a possible synergism in targeting these host factors.  

 

5.4 Analysis of the role of NXF1 for Ebola virus RNA synthesis and gene expression 

Similar to CAD, we further investigated the role of the nuclear RNA export factor NXF1, which we had 

identified as pro-viral hit in our siRNA screen (paper II). This host protein has been shown to be 

important for a number of viruses such as retroviruses, herpesviruses and Influenza viruses, which 

usurp the NXF1-mediated mRNA export pathway to export their viral RNAs and mRNAs from the 

nucleus (Grüter et al., 1998; Larsen et al., 2014; Tunnicliffe et al., 2011). However, as EBOV replicates 

in cytoplasmic IBs and is not known to involve a nuclear stage during its RNA synthesis (Hoenen et al., 

2012), this indicates that the function of NXF1 in the EBOV life cycle must be distinct from that for 

nuclear replicating viruses.  

Therefore, in paper IV we characterised this function in-depth and showed that NXF1 interacts with 

EBOV NP and VP35, and more precisely that NP and single-stranded RNA seem to compete for the 

interaction with the RBD of NXF1. Though NXF1 is known to form a stable heterodimer with p15 (Guzik 

et al., 2001; Katahira et al., 1999), our study showed that the interaction between NP and NXF1 was 

neither dependent nor influenced by p15. Using LCM systems and RNA quantification by RT-qPCR in 

the context of siRNA-mediated knockdown of NXF1 we revealed that NXF1 has no impact on viral RNA 

synthesis, but that it is important for a later step in viral protein expression. This effect was confirmed 

using a luciferase-expressing recombinant EBOV, as we could see a strong decrease in reporter activity, 

while viral mRNA levels remained unaffected.  
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As outlined above, EBOV recruits host cell proteins involved in viral RNA synthesis into IBs (Gabriel et 

al., 2015; Hoenen et al., 2012; Kruse et al., 2018). Indeed, overexpressed NXF1 was detected in small 

amounts in NP-derived IBs. However, RNA binding-deficient variants of NXF1 (10RA and DRBD) strongly 

accumulated in IBs, indicating that the RNA-binding capability of NXF1 is dispensable for the 

recruitment into IBs, but rather suggesting that RNA-binding is a prerequisite for NXF1 to exit them. 

Importantly, we were able to confirm the relocalisation of endogenous NXF1 also during an EBOV 

infection. Finally, we could show an interaction of the NXF1-RBD with viral mRNA, in line with NXF1 

binding cellular mRNAs via its RBD (Guzik et al., 2001; Hautbergue et al., 2008). Based on our data and 

taking into consideration the processes involved in nuclear mRNA export, we propose a model in which 

NXF1 is hijacked by EBOV NP to facilitate viral mRNA export from IBs (Fig. 7). In our model, NP recruits 

NXF1 into IBs and towards the nascent mRNA, which, similar to the processes during nuclear mRNA 

export, leads to a handover of the viral mRNA from NP to NXF1 and allows the export of the viral mRNA 

together with NXF1 from IBs and the transport towards the ribosomes for translation.  

 
Figure 7: Model for the function of NXF1 in the EBOV life cycle. NXF1 gets recruited into EBOV inclusion 
bodies as sites of viral RNA synthesis, and the interaction with NP brings NXF1 in close proximity to the 
nascent viral mRNA during viral transcription (1). NP then hands over the mRNA to NXF1 (2), which prevents 
an encapsidation of the viral mRNA by NP (3). After viral transcription is completed, NXF1 exports the mRNA 
from the inclusion body and towards the ribosomes for translation. Adapted from (paper IV). 

This model addresses three important problems in the EBOV lifecycle: First, while IBs are not 

surrounded by a membrane that has to be overcome for viral mRNA export, IBs still likely present a 

barrier for the free movement of viral mRNA to the translational machinery (Hoenen et al., 2012): 

Although the exact nature of IBs is unknown, it is believed that they represent liquid organelles and 

are formed by liquid-liquid phase separation, similar to IBs of other negative-sense RNA viruses 

(Hoenen et al., 2012; Nikolic et al., 2017; Zhou et al., 2019). Liquid organelles often contain high 

amounts of RNA-binding proteins, and RNA itself has been suggested to be one of the building blocks 

of these structures (Gomes and Shorter, 2019). Thus, free RNA would most likely not be able to 
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traverse the liquid organelle boundary, whereas binding of RNA to NXF1 and coinciding conformational 

changes in NXF1 could allow for RNA export by liquid phase separation of the NXF1:RNA complex and 

the inclusion body.  

Second, while it is well established that vRNA and cRNA of negative-sense RNA viruses only exist 

encapsidated by NP, viral mRNA most likely is not encapsidated by NP. However, NP is known to bind 

RNA non-specifically, as it has been shown to bind cellular mRNA in the absence of viral RNA (Bharat 

et al., 2012; Noda et al., 2010). Given the high amounts of NP in IBs, it is thus unclear how EBOV avoids 

encapsidation of its mRNAs by NP, which would most likely interfere with downstream processes like 

translation. However, the handover of the viral mRNA to NXF1 proposed by our model would prevent 

such an NP encapsidation, and thus solve this issue. 

Finally, NXF1 may facilitate viral mRNA processing in a similar manner as cellular mRNAs. Host mRNAs 

are packed into mRNPs that consist of several different proteins (one of which is NXF1) to regulate 

mRNA transport to different subcellular localisations, mRNA translation as well as mRNA degradation 

(reviewed in Eliscovich and Singer, 2017). Recruitment of NXF1 to the nascent viral mRNA may facilitate 

packaging of viral mRNA into mRNPs that resemble cellular mRNPs, and thus allow for efficient 

transport and translation.  

Importantly, the challenges outlined above are likely faced by all cytoplasmically replicating negative-

sense RNA viruses, which raises the question of whether NXF1-mediated mRNA export from inclusion 

bodies is a conserved mechanism among these viruses. In this context it is important to note that we 

could indeed show that NXF1 is also important for RNA synthesis and protein expression of JUNV, 

which is also known to replicate in cytoplasmic IBs (paper II;Baird et al., 2012). This finding represents 

an interesting starting point for future studies, as a conserved mechanism in the life cycles of these 

highly pathogenic viruses would be a promising target for the development of broad-spectrum 

antivirals.  

Besides NXF1, the nuclear export of cellular and some viral mRNAs involves an immense set of proteins, 

for example Aly, the THOC proteins and UAP56 (Grüter et al., 1998; Köhler and Hurt, 2007; Larsen et 

al., 2014; Tunnicliffe et al., 2011). This plethora of proteins makes it unlikely that NXF1 can achieve 

viral mRNA export from inclusion bodies alone. Intriguingly, with UAP56 being another top hit of the 

siRNA screen we identified an additional export adaptor involved in EBOV gene expression (paper II). 

UAP56 has been shown to be import for the life cycle of Influenza virus before, but for these viruses it 

ensures correct encapsidation of newly synthesised RNPs, implicating its helicase function rather than 

its role in nuclear mRNA export as the reason why UAP56 is hijacked by Influenza virus (Hu et al., 2017; 

Kawaguchi et al., 2011). Whether EBOV usurps UAP56 for a similar function as Influenza virus, or for 

its role during mRNA export, remains to be investigated. Aside from UAP56, other proteins associated 

with mRNA export showed modest effects in the siRNA screen as well and in case of RBM15 a strong 
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effect was demonstrated, supporting the hypothesis that EBOV may also require other export adaptors 

(paper II).   
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6 Summary 
 
Ebolaviruses are dependent on host cell proteins for almost all steps in their viral life cycle. While some 

cellular factors with crucial roles in the ebolavirus life cycle have been identified, many of them remain 

to be identified or fully characterised. This thesis focuses on the characterisation and identification of 

host cell interactions of the highly pathogenic Ebola virus (EBOV), probing host-virus interaction at 

various stages of the viral life cycle. Beginning with viral budding, the function of a recently proposed 

late domain motif within the EBOV matrix protein VP40 was examined using an EBOV transcription 

and replication-competent virus-like particle (trVLP) system. Although this motif has been suggested 

to interact with the endosomal sorting complex required for transport (ESCRT), we could show that 

this late domain motif does not contribute to EBOV budding.  

While many host cell proteins have been identified so far that are important for viral budding, only a 

few proteins are known that are necessary for EBOV RNA synthesis. Thus, to identify host proteins that 

are involved in viral replication and transcription, we performed a genome-wide siRNA screen in the 

context of an EBOV minigenome assay. Using this approach, we identified several proteins that appear 

to be important for viral RNA synthesis or protein expression. Two of the most prominent hits in our 

screen were CAD (Carbamoyl-phosphate synthetase 2, aspartate transcarbamylase and 

dihydroorotase) and NXF1 (nuclear RNA export factor 1). CAD catalyses the first three steps in the de 

novo pyrimidine biosynthesis, while NXF1 is the main nuclear export protein for cellular mRNAs. In 

subsequent characterisation studies, using a range of life cycle modelling systems as well as molecular 

analyses, we could demonstrate that the canonical function of CAD during the pyrimidine biosynthesis 

is necessary for EBOV replication and transcription. In contrast to this, for NXF1 we discovered a so-far 

unknown function: Again, by applying different life cycle modelling alongside with molecular assays, 

we provided evidence that the EBOV nucleoprotein recruits NXF1 into inclusion bodies, the site of 

EBOV RNA synthesis, where it binds viral mRNAs to export them from these structures. Importantly, 

for both CAD and NXF1 we were able to recapitulate key data in the context of live EBOV infection, 

confirming their roles in the viral life cycle. 

Both of these identified host factors are promising targets for antiviral therapies and indeed de novo 

pyrimidine synthesis is emerging as a possible antiviral target for a number of viruses. Similarly, as we 

could show NXF1 to be important in the life cycle of the highly pathogenic Junín virus, this raises the 

possibility that disruption of this interaction may result in broad-spectrum antiviral activity. Moreover, 

for an increasing number of negative-sense RNA viruses inclusion bodies as site of viral RNA synthesis 

are described to have a liquid organelle character. Therefore, our findings on NXF1 also provide an 

intriguing model to explain how negative-sense RNA viruses in general overcome this obstacle and 

export viral mRNAs from inclusion bodies.
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6 Zusammenfassung 
 
Wie alle Viren sind auch Ebolaviren für ihre Replikation auf Wirtszellproteine angewiesen. Obwohl 

einige der zellulären Faktoren, die eine entscheidende Rolle im Replikationszyklus von Ebolaviren 

spielen, bereits identifiziert wurden, sind viele entweder noch unbekannt oder ihre Funktion im viralen 

Replikationszyklus ist nicht vollständig charakterisiert. Daher lag der Fokus dieser Arbeit auf der 

Charakterisierung und Identifizierung von Wirtszellinteraktionen des hochpathogenen Ebola-Virus 

(EBOV), wobei die Virus-Wirtsinteraktionen in verschiedenen Stadien des viralen Replikationszyklus 

untersucht wurden. Beginnend mit der Assemblierung und Abknospung viraler Partikel wurde die 

Funktion eines kürzlich vorgeschlagenen late domain-Motivs innerhalb des EBOV Matrixproteins VP40 

unter Verwendung eines transkriptions- und replikationskompetenten virusähnlichen Partikelsystems 

(trVLP) untersucht. Obwohl in vorherigen Studien gezeigt wurde, dass dieses Motiv mit dem für den 

Transport erforderlichen endosomalen Sortierkomplex (ESCRT) interagiert, konnten wir zeigen, dass 

es nicht zum EBOV-Abknospungsprozess beiträgt.  

Auch wenn bereits viele Wirtszellproteine identifiziert wurden, die eine wichtige Rolle für die 

Assemblierung und Abknospung viraler Partikel spielen, sind nur wenige Proteine bekannt, die für die 

EBOV RNA Synthese benötigt werden. Um Wirtsproteine zu identifizieren, die an der viralen 

Replikation und Transkription beteiligt sind, wurde daher eine genomweiter siRNA-Screen im Kontext 

eines EBOV Minigenomsystems durchgeführt. Mit diesem Ansatz konnten wir mehrere Proteine 

identifizieren, die für die virale RNA Synthese und/oder Proteinexpression wichtig sind. Zwei der 

vielversprechendsten Kandidaten in unserem Screen waren CAD (Carbamoylphosphat-Synthetase 2, 

Aspartat-Transcarbamylase und Dihydroorotase) und NXF1 (nuclear RNA export factor 1). CAD 

katalysiert die ersten drei Schritte der de novo-Pyrimidinsynthese, während NXF1 das wichtigste 

nukleäre Exportprotein für zelluläre mRNAs darstellt. In anschließenden Charakterisierungsstudien, 

bei denen wir eine Reihe von Modellsystemen für den viralen Replikationszyklus sowie 

molekularbiologischen Analysen verwendeten, konnten wir zeigen, dass die kanonische Funktion von 

CAD in der Pyrimidin-Biosynthese für die ebolavirale Replikation und Transkription notwendig ist. Im 

Gegensatz dazu war die von uns identifizierte Funktion von NXF1 noch unbekannt: Durch die 

Anwendung verschiedener Modellsysteme für den viralen Replikationszyklus zusammen mit 

molekularbiologischen Analysen konnten wir zeigen, dass das EBOV-Nukleoprotein NXF1 in 

Einschlusskörperchen rekrutiert, in denen die virale RNA Synthese stattfindet. In diesen 

Einschlusskörperchen bindet NXF1 virale mRNAs um sie dann aus diesen Strukturen zu exportieren. 

Des Weiteren konnten wir sowohl für CAD als auch für NXF1 die wichtigsten Daten im Kontext einer 

EBOV Infektion validieren, was ihre Rolle im viralen Replikationszyklus bestätigt. 
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Beide Wirtsfaktoren sind vielversprechende Ziele für antivirale Therapien und in der Tat zeichnet sich 

die de novo-Pyrimidinsynthese als mögliches antivirales Ziel für eine Reihe von Viren ab. Da wir zeigen 

konnten, dass NXF1 auch im Replikationszyklus des hochpathogenen Junín-Virus eine wichtige Rolle 

spielt, könnte eine Inhibierung der Interaktion mit NXF1 eine Möglichkeit für die Entwicklung eines 

Breitspektrum-Virostatikum darstellen. Außerdem wird für eine zunehmende Anzahl von Negativ-

Strang-RNA Viren beschrieben, dass Einschlusskörper als Ort der viralen RNA Synthese Eigenschaften 

von liquid organelles aufweisen. Unsere Ergebnisse zu NXF1 könnten daher auch erklären, wie Negativ-

Strang-RNA Viren im Allgemeinen die Hindernisse überwinden, die liquid organelles darstellen, und 

ihre viralen mRNAs aus Einschlusskörpern exportieren. 
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