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Abstract  

Ebola virus (EBOV) and Marburg virus (MARV), members of the family of Filoviridae, are highly 

pathogenic for humans and non-human primates (NHPs) and lead to reoccurring outbreaks 

mainly in the region of West, East and Central Africa. Licensed vaccines exists only for one 

out of five filovirus species, which have been shown to infect humans. Treatment options are 

very limited and rely mostly on supportive care. Thus, antiviral drugs against filoviruses are 

urgently needed. Targeting host cell proteins is a promising strategy to enable broad-spectrum 

antiviral activity and to reduce resistance development. Previous studies on flaviviruses 

indicated that proteins of the ER import pathway might constitute suitable targets. On the one 

hand enveloped viruses depend on translocation of their glycoprotein (GP) through the Sec61 

channel as part of the ER import pathway and on the other hand knockdown of these ER 

proteins showed to be compatible with cellular survival.  

Based on this, I studied the impact of Sec61ɓ, a small subunit of the Sec61 translocation 

channel, on filovirus glycoprotein processing and function. For this, I generated SEC61B-KO 

cells. I demonstrated that loss of Sec61ɓ markedly reduced proteolytic processing of MARV-

GP, but not EBOV-GP. Furthermore, I could show that cleavage of MARV-GP at a furin 

cleavage site (FCS) located between the GP subunits GP1 and GP2 is important for cell entry 

of pseudoviruses bearing MARV-GP, which is distinct to published work on EBOV, showing 

that the FCS is dispensable for viral entry. My analysis of several other members of the 

Filoviridae family showed that the FCS was dispensable for all Ebolavirus GPs tested and 

Lloviu virus GP whereas a defective FCS reduced entry driven by all Marburgvirus GPs tested, 

although strain and cell type specific differences were observed. In addition, I provided 

evidence that SKI-1, like furin a member of the proprotein convertases, can cleave MARV-GP.  

My results suggest that the defect in MARV-GP cleavage in SEC61B-KO cells might be due 

to reduced proprotein convertase activity and/or altered N-glycosylation of GP. Finally, I could 

show jointly with partners that inhibition of the Sec61 channel by Apratoxin S4 blocks EBOV 

and MARV infection.  

Taken together, I demonstrated that the Sec61 channel, as part of the ER translocation 

complex, is a promising host cell target for filovirus infections. 
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Zusammenfassung  

Ebola-Virus (EBOV) und Marburg-Virus (MARV) gehören zu Familie der Filoviridae. Sie sind 

für Menschen und nichtmenschliche Primaten (NHP) hochgradig pathogen und führen vor 

allem in West-, Ost- und Zentralafrika zu wiederkehrenden Ausbrüchen. Zugelassene 

Impfstoffe gibt es nur für eine von den fünf Filovirus-Spezies, die nachweislich Menschen 

infizieren können. Die Behandlungsmöglichkeiten sind sehr begrenzt und beruhen 

hauptsächlich auf unterstützenden Maßnahmen. Antivirale Medikamente gegen Filoviren 

werden daher dringend benötigt. Die Adressierung von Wirtszellproteinen durch antivirale 

Medikamente wurde als vielversprechende Strategie zur Entwicklung potenzieller 

Breitbandmedikamente mit geringerer Resistenzneigung beschrieben. Studien mit Flaviviren 

deuteten darauf hin, dass sich Proteine des ER-Importweges dafür eignen könnten. So sind 

einerseits sind behüllte Viren von der Translokation ihres Glykoproteins (GP) durch den 

Sec61-Kanal als Teil des ER-Importweges abhängig und andererseits ist der Verlust dieser 

ER-Proteine mit dem zellulären Überleben vereinbar.  

Auf dieser Grundlage habe ich die Auswirkungen von Sec61ɓ, einer kleinen Untereinheit des 

Sec61-Translokationskanals, auf die Prozessierung und Funktion von Filovirus-

Glykoproteinen untersucht. Dazu habe ich SEC61B-KO-Zellen generiert. Ich konnte zeigen, 

dass der Verlust von Sec61ɓ deutlich die proteolytische Spaltung von MARV-GP, aber nicht 

von EBOV-GP verhinderte. Darüber hinaus konnte ich zeigen, dass die Spaltung von MARV-

GP an einer Furinschnittstelle (FCS), die sich zwischen den GP-Untereinheiten GP1 und GP2 

befindet, für den Zelleintritt von Pseudoviren, die MARV-GP tragen, wichtig ist. Das 

unterscheidet sich von bereits veröffentlichten Arbeiten zu EBOV, die zeigen, dass die FCS 

für den viralen Eintritt verzichtbar ist. Meine Analyse mehrerer anderer Mitglieder der 

Filoviridae-Familie zeigt, dass die FCS für alle getesteten Ebolavirus GPs und das Lloviu-Virus 

GP entbehrlich ist, während eine defekte FCS verringerten Eintritt aller getesteten 

Marburgvirus GPs vermittelt, auch wenn stamm- und zelltypspezifische Unterschiede 

beobachtet wurden. Darüber hinaus konnte ich nachweisen, dass SKI-1, welches wie Furin 

ein Mitglied der Proprotein-Konvertasen ist, MARV-GP spalten kann. Meine Ergebnisse lassen 

vermuten, dass der Defekt der MARV-GP-Spaltung in SEC61B-KO-Zellen auf eine 

verminderte Proprotein-Konvertase-Aktivität und/oder auf eine veränderte N-Glykosylierung 

von GP zurückzuführen sein könnte. Abschließend konnte ich gemeinsam mit Partnern zeigen, 

dass die Inhibition des Sec61-Kanals durch Apratoxin S4 die Infektion mit EBOV und MARV 

blockiert. 

Zusammengefasst konnte ich zeigen, dass der Sec61-Kanal als Teil des ER-

Translokationskomplexes ein vielversprechendes Ziel in Wirtszellen bei Filovirus-Infektionen 

darstellt. 
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1. Introduction 

1.1 Classification, history, epidemiology and pathogenesis of 

Filoviridae 

1.1.1. Classification 

Filoviruses are filamentous viruses with the ability to cause severe disease in humans and 

non-human primates (NHP), often with fatal outcome. The family of Filoviridae (order: 

Mononegavirales) so far consists of nine different genera. Of these, species of Orthoebolavirus 

(referred to as Ebolaviruses) and Orthomarburgvirus (referred to as Marburgviruses) are 

known to cause severe disease with high case fatality rates in humans and NHP (Figure 1) 

(Biedenkopf et al. 2024, ICTV Virus Taxonomy Profile: Filoviridae; WHO 2023, Ebola virus 

disease; WHO 2024, Marburg virus disease). Lloviu virus (LLOV, genus: Cuevavirus) and 

MŊngl¨ virus (MLAV, genus: Dianlovirus) have not caused infections in humans so far, but 

similarities in genome structure and studies using viral pseudo particles suggest a similar 

tropism and host range as Ebolaviruses and Marburgviruses (Maruyama et al. 2014; Ng et al. 

2014; Yang et al. 2019; Hume and Mühlberger 2019).   

 

Figure 1: Phylogenetic relationships within the family of Filoviridae  

The family of Filoviridae contains nine different genera. The members of four of these genera (Orthoebolavirus, 

Orthomarburgvirus, Cuevavirus and Dianlovirus) were reported to infect mammalian hosts. The genus 

Orthoebolavirus, contains six different species, while the genus Orthomarburgvirus contains one species, including 

two different variants. Of both genera, Taï Forest virus, Bundibugyo virus, Ebola virus, Sudan virus, Marburg virus 

and Ravn virus have been reported to cause severe disease in humans NHP. For Reston virus domestic pigs in 

Asia serve as a host. The RNAs of Lloviu virus and MŊngl¨ virus have been detected in bats but infections in 

humans have not been reported. Viruses of the genera Thamnovirus, Striavirus, Loebevirus and Oblavirus were 

discovered in fish and Tapiovirus in a viper. Déhóng virus is not classified yet. The maximum-likelihood tree is based 

on the coding-complete or complete filovirus sequences and has been taken and modified from ICTV (Biedenkopf 

et al. 2024, ICTV Virus Taxonomy Profile: Filoviridae), date of access: 29.03.2025. 
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Due to the high lethality of Ebolaviruses and Marburgvirus in humans and relatively few 

therapeutic options all filoviruses with the ability to infect mammals (Orthomarburgvirus, 

Orthoebolaviruses, Cuevavirus and Dianlovirus) are classified as biosafety level (BSL) 4 

pathogens.  

Hu§ngjiǕo virus RNA (genus: Thamnoviruses) was discovered in fish from China, while RNA 

of Kander virus, Fiwi virus (genus: Thamnoviruses), Xǭlׅng virus (genus: Striavirus), 

Lötschberg virus (genus: Loebevirus), and Oberland virus (genus: Oblavirus) were discovered 

in European perches (Perca fluviatilis) from Switzerland, partially imported from Germany (Shi 

et al. 2018; Hierweger et al. 2021; Seuberlich et al. 2023). Tapajós virus (genus: Tapjovirus) 

RNA was discovered in a viper sample from Brasil (Horie 2021). No functional analyses have 

been performed with piscine and reptile Filoviruses yet.  

So far, only Ebolaviruses and Marburgviruses have been demonstrated to cause infections in 

humans. Thus, vast majority of research has been performed on viruses of these two genera, 

especially Ebola virus (EBOV), Marburg virus (MARV). Therefore, the thesis will primarily focus 

on these two species.  

 

1.1.1 History and Epidemiology 

The first ever reported filovirus outbreak occurred in 1967 when laboratory workers in three 

different cities (Marburg and Frankfurt in Germany and Belgrade in Serbia, formerly 

Yugoslavia) became severely sick. Seven out of 31 infected individuals died from this unknown 

disease. It was found that all patients had contact to laboratory animals, specifically grivet 

monkeys (Chlorocebus aethiops) imported from Uganda. The pathogen causing this unknown 

disease was isolated and named Marburg virus (Martini and Siegert 1971; Slenczka 2017; 

Ristanoviĺ et al. 2020). Since then, several mostly small outbreaks of Marburgviruses occurred 

in the region of central and eastern Africa with case fatality rates ranging from 24-88 % (Figure 

2). The largest outbreak with 374 confirmed cases and a case fatality rate of 88 % happened 

in Angola in 2005. The most recent outbreaks of Marburg virus occurred end of 2024 in 

Rwanda (66 confirmed cases; case fatality rate of 23 %) and beginning of 2025 in Tanzania (8 

suspected and 2 confirmed cases; case fatality rate of 100 %) (WHO 2024, Marburg virus 

disease; WHO, Regional Office for Africa 2024, Marburg outbreak in Rwanda declared over; 

WHO 2025, Marburg virus disease ï United Republic of Tanzania; Wafula Simiyu et al. 2024; 

Patel et al. 2025).  
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Figure 2: Geographical distribution of outbreaks caused by Orthomarburgvirus species (1967-2025)  

In fully colored countries infections were locally acquired while striped countries represent imported cases. In 

crosshatched countries infection was acquired by a laboratory accident. The first Marburg virus (MARV) outbreaks 

were reported in Germany and Serbia in 1967, caused by imported monkeys. Since then, the majority of 

Orthomarburgvirus outbreaks were caused by MARV. However, infection by the Ravn virus (RAVV) variant has 

also been documented in Kenya, Uganda and the Democratic Republic of Congo (DRC). Graphic created with R 

studio (version 4.4.1) using ggplot2, ggpattern, and other packages. Visualization code developed with assistance 

from Anthropic's Claude AI (2024). Outbreak data acquired from CDC (CDC 2025, Viral Hemorrhagic Fevers - 

History of Marburg Outbreaks).  

 

The first outbreaks of an Ebolavirus, Ebola virus (EBOV) and Sudan virus (SUDV), were 

detected in 1976 in South Sudan (SUDV outbreak) and the Democratic Republic of Congo 

(DRC, EBOV outbreak), in a small village next to the Ebola river in the DRC after which this 

virus was named (Johnson et al. 1977). The biggest outbreak of an Ebolavirus, EBOV, took 

place between 2014-2016 with an until that time not seen size of about 30.000 infections and 

approximately 11.000 deaths in Guinea, Liberia, and Sierra Leone (WHO 2023, Ebola virus 

disease; CDC 2024, Viral Hemorrhagic Fevers - Outbreak History). 

Spillover into humans of the most prevalent Orthoebolavirus species, EBOV, are mainly 

located in central and western Africa (Figure 3). Spillover events by the second frequent 

species SUDV mainly occurred in eastern Africa (South Sudan and Uganda). The ongoing 

outbreak in Uganda represents the country's sixth SUDV outbreak (WHO 2025, Sudan virus 

disease - Uganda; Kyobe Bosa et al. 2025). Two outbreaks of Orthoebolavirus 

bundibugyoense (BDBV) were detected in Uganda and the DRC whereas the only known 

spillover of Orthoebolavirus taiense (TAFV) occurred in Cote dôIvoire (CDC 2024, Viral 

Hemorrhagic Fevers - Outbreak History). Orthoebolavirus restonense (RESTV) is the only 

species of Orthoebolavirus, not prevalent in Africa but in Asia (Barrette et al. 2009; Pan et al. 

2014). The only documented locally acquired infections of RESTV were recorded on the 
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Philippines. In addition, imported monkeys from the Philippines transmitted the virus to 

individuals in an animal holding facility in the United States of America (Geisbert and Jahrling 

1990). All recorded RESTV infections in humans have been asymptomatic (Miranda et al. 

1991; Miranda et al. 1999).   

 

Figure 3: Geographical distribution of outbreaks caused by different Ebolavirus species (1976-2025)  

The upper panel (A) illustrates past outbreaks of Ebola virus (EBOV). Countries highlighted in red were directly 

affected by the large 2014-2016 West African epidemic. Fully shaded countries represent locally acquired infections 

while striped countries indicate imported cases. Noteworthy, in Nigeria, Mali and Spain imported cases led to further 

local transmission. Countries depicted in green represent outbreaks other than the West African epidemic. To date, 

the Democratic Republic of Congo (DRC) has had the highest number of EBOV outbreaks, with 16 individual 

outbreaks recorded. Crosshatched countries represent infections acquired by a laboratory accident. The lower 

panel (B) shows outbreaks by the remaining Ebolavirus species Sudan virus (SUDV, orange), Bundibugyo virus 

(BDBV, yellow), Taï Forest virus (TAFV, purple) and Reston virus (RESTV, pink). Uganda has experienced 

outbreaks of both BDBV and SUDV. Graphic created with R studio (version 4.4.1) using ggplot2, ggpattern, and 

other packages. Visualization code developed with assistance from Anthropic's Claude AI (2024). Outbreak data 

acquired from CDC (CDC 2024, Viral Hemorrhagic Fevers - Outbreak History). 
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Orthoebolavirus bombaliense (BOMV) has not been reported to cause infections in humans 

but was found in bats (Mops condylurus and other free-tailed bats) in western and eastern 

Africa (Düx et al. 2024). Interestingly, Cuevavirus lloviuense was only found in Schreibersôs 

bats (Miniopterus schreibersii) in serval European countries and Dianloviurs menglaense in 

Rousettus bats in China (Negredo et al. 2011; Yang et al. 2019; Kemenesi et al. 2022; Tóth et 

al. 2023). 

 

1.1.2 Animal reservoirs  

Filoviruses are zoonotic agents, which are transmitted from animals to humans (Di Paola et al. 

2020). One reservoir for Marburgviruses has been identified to be the Egyptian fruit bat 

(Rousettus aegyptiacus) (Swanepoel et al. 2007; Towner et al. 2009; Amman et al. 2012; 

Amman et al. 2021). However, it is still discussed whether other bat species might also serve 

as reservoir for Marburg viruses (Leendertz et al. 2016). Marburgvirus outbreaks can often be 

traced back to one specific spillover event where people had contact with infected bats, e.g. 

entering caves or mines, which can serve as roost for bat species (Bausch et al. 2006; Towner 

et al. 2009; Adjemian et al. 2011; Nyakarahuka et al. 2019). Outbreaks of Marburg virus 

(MARV) and Ravn virus (RAVV) mostly occur in central and eastern Africa and strongly overlap 

with the habitat of Rousettus aegyptiacus (Amman et al. 2023).   

For different Ebolavirus species, bats are also suspected to be the natural reservoir host, albeit 

with less evidence than for Marburgviruses. However, despite immense efforts, the specific 

reservoir species is/are not yet certainly identified (Leroy et al. 2005; Leendertz et al. 2016; Di 

Paola et al. 2020). Individuals of diverse bat species were repeatedly either found to have anti-

EBOV immunoglobulin G (IgG) or were PCR positive for EBOV RNA (Leroy et al. 2005; Pourrut 

et al. 2009). However, isolation of live virus failed, probably due to the low virus levels, which 

also rose the question whether the PCR positive bats would have been able to transmit the 

virus (Leroy et al. 2005). Recent studies provide evidence for insectivorous Angolan free-tailed 

bats (AFBs, Mops condylurus) as natural reservoir for EBOV. Bokelmann and colleagues 

investigated 10 different primary cell isolates from AFBs and showed that all were highly 

tolerant to EBOV infection and that infection of primary lung cell isolates could even persist for 

150 days (Bokelmann et al. 2021). In addition, experimentally infected AFBs showed high viral 

replication, shedding without disease, and vertical transmission of EBOV through the placenta 

(Riesle-Sbarbaro et al. 2024). Moreover, AFBs naturally infected with BOMV did not show 

major differences in histological staining of the lung compared to BOMV negative bats, 

suggesting a well-tolerated infection (Kareinen et al. 2023).  
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1.1.3 Transmission 

Usually, spillover events to the human population occur in rural areas with close contact to wild 

animals. The most common infection routes are either contact with excretions of infected bats 

(entering caves or mines) or handling bush meat (infected bats or other susceptible animals) 

and therefore being exposed to contaminated body fluids (WHO 2023, Ebola virus disease; 

WHO 2024, Marburg virus disease). Filoviruses can be transmitted between humans either by 

direct contact with body fluids (e.g. blood, vomit, saliva, stool, urine) or less likely via indirect 

contact with contaminated materials (e.g. bed sheets, medical supplies) (Vetter et al. 2016). 

Especially blood has been reported to contain high viral loads (Normandin et al. 2023). In 

addition, a recent study by Messingham and colleagues reported possible transmission from 

human-to human via skin contact. They were able to show permissiveness of skin cells for 

Ebolavirus and trafficking and propagation through human skin explants of the virus 

(Messingham et al. 2025). Transmission via arthropod vectors or air born transmission most 

likely do not play a role in transmission to or among humans (Vetter et al. 2016; Gold et al. 

2020).  

For Ebola virus it has been reported that viral RNA but also infectious virus can be found for 

prolonged time especially in semen of patients already recovered from acute disease and 

therefore might be still able to transmit the virus (Rodriguez et al. 1999; Thorson et al. 2016; 

Deen et al. 2017; Thorson et al. 2021). In addition, relapse of EBOV infection several month 

after being released from the hospital with non-detectable EBOV RNA levels in blood have 

been reported (Jacobs et al. 2016; Mbala-Kingebeni et al. 2021). A study by Gupta and 

colleagues investigated the role of different immune cells in a mouse model during Ebola virus 

infection. They stated that certain conditions of immunosuppression (especially defects in B 

cell/antibody response) might lead to or enhance persistence of Ebola viruses in patients 

(Gupta et al. 2004). In addition, persistence of infectious Ebola virus in the ocular fluid, an 

immune privileged site, and permissiveness of retinal pigment epithelia cells to Ebola virus 

have been described (Varkey et al. 2015; Smith et al. 2017).  

 

1.1.4 Pathogenesis and clinical manifestation 

Filovirus-associated diseases are collectively referred to as filovirus disease (FVD) and can be 

further classified into Ebola disease (EBOD) and Marburg disease (MARD), caused by viruses 

belonging to the genera Orthoebolavirus and Orthomarburgvirus, respectively. EBOD is further 

subdivided into disease provoked by the different Orthoebolavirus species, Ebola virus disease 

(EVD), Sudan virus disease (SVD), and Bundibugyo virus disease (BVD). MARD is 

subcategorized as Marburg virus disease (MVD) caused by MARV and RAVV. To date, TAFV 

has been associated with only a single, non-lethal human infection, RESTV has caused only 
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asymptomatic infections in humans, and infection with BOMV has not been detected in humans 

at all. Therefore, no specific disease classification has been established for these viruses yet 

(Kuhn et al. 2019). Although caused by different viruses, these diseases exhibit similar clinical 

manifestations. The incubation period is generally reported to be 2-21 days, although recent 

studies suggest a minimal incubation period of 4 days (ECDC 2023, Factsheet about Ebola 

disease; ECDC 2024, Factsheet for health professionals about Marburg virus disease; Kofman 

et al. 2023). Infected individuals initially present with nonspecific, flu-like symptoms such as 

high fever, severe headache, muscle and joint pain, and general weakness. This is followed 

by gastrointestinal symptoms, including loss of appetite, nausea, vomiting, and diarrhea. 

Additionally, neurological symptoms such as confusion and delirium can develop. As disease 

progresses, rashes and signs of hemorrhagic fever, such as bloody diarrhea and mucosal 

bleeding, may occur. The combination of these conditions can lead to a critical state, ultimately 

resulting in multiple organ failure and death (ECDC 2023, Factsheet about Ebola disease; 

ECDC 2024, Factsheet for health professionals about Marburg virus disease; Bwaka et al. 

1999; Mehedi et al. 2011b; Schieffelin et al. 2014; Mohammed et al. 2017). Studies have 

shown that higher viral loads correlate with increased disease severity and mortality (La Vega 

et al. 2015; Lanini et al. 2015; Jeremiah Matson et al. 2022). 

A significant proportion of patients who have recovered from EVD, SUD, or BVD report 

persistent symptoms lasting up to two years following acute viremia, a condition referred to as 

post-Ebola syndrome. Common symptoms include fatigue, anorexia, headaches, ocular 

deficits, muscle and joint pain, as well as sleep disorders, memory impairment, and anxiety 

(Rowe et al. 1999; Clark et al. 2015; Carod-Artal 2015; Scott et al. 2016; Hereth-Hebert et al. 

2017; Shantha et al. 2017; Wilson et al. 2018; Bond et al. 2021).  

 

1.1.5 Prevention and treatment options 

Two vaccines against the species Orthoebolavirus zairense were licensed in 2019 and 2020. 

The first vaccine, Ervebo®, licensed by the EMA, FDA and several African health authorities, 

is a single dose live attenuated vaccine based on a replication competent, chimeric Indiana 

vesiculovirus (VSV) harboring the Ebola virus glycoprotein of the Zaire strain (rVSVȹG-

ZEBOV-GP) (WHO 2023, Ebola virus disease; MSD Sharp & Dohme GmbH 2024, 

Fachinformationen ERVEBO®). To increase the effectiveness of the vaccination in case of an 

outbreak, a ring vaccination scheme is aimed at. The second licensed vaccine is a two-dose 

heterologous vaccine. First, one dose of Zabdeno®, an adenoviral-vector based vaccine is 

administered, eight weeks later one dose of Mvabea®, a vaccine based on modified vaccinia 

virus Ankara (MVA). Due to its two-dose vaccination scheme, this vaccine is less suitable in 

case of an immediate outbreak response (WHO 2023, Ebola virus disease; Woolsey and 
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Geisbert 2021). The duration of protection of both licensed vaccines could not be fully 

investigated so far due to the lack of a known correlate of protection and the nature of Ebola 

virus outbreaks (usually small and in different regions) (Crozier et al. 2022).  

For all other Ebolavirus species and Marburgvirus no approved vaccines exist. However, 

several vaccine candidates are currently under development (Cross et al. 2022; WHO 2024, 

Filoviridae - Landscape of vaccines and therapeutics licensed or under development for 

pathogens being considered as PRIORITY PATHOGENS). In the recent Marburg virus 

outbreak in Rwanda (2024) an experimental vaccine, based on a chimpanzee adenovirus 

vector, from the Sabin Vaccine Institute was administered to support the outbreak control, 

which usually consist of contact tracing, strict quarantine measures and extensive testing 

(ECDC 2024, Factsheet for health professionals about Marburg virus disease; Sibomana et al. 

2024; Sabin Vaccine Institute 2024, Sabin Vaccine Institute Delivers Marburg Vaccines to 

Combat Outbreak in Rwanda).  

Treatment of patients infected with Ebolaviruses or Marburgvirus is usually a symptom-based 

therapy (e.g. medication against nausea, vomiting, and pain) and supportive care (e.g. fluid 

administration), due to the lack of available filovirus specific antivirals. For patients infected 

with Orthoebolavirus zairense, the WHO strongly recommends the administration of either the 

monoclonal antibody mAb114 or a cocktail of three monoclonal antibodies REGN-EB3 (WHO 

2022, Therapeutics for Ebola Virus Disease; Levine 2019; Mulangu et al. 2019). At the same 

time, the WHO declares a conditional recommendation against the RNA polymerase inhibitor 

remdesivir and ZMapp, a cocktail of three monoclonal antibodies, due to possible important 

adverse effects. However, in case of mAb114 and REGN-EB3 not being available, uncertain 

risks of remdesivir and ZMapp might be accepted for their potential to outperform standard 

care (WHO 2022, Therapeutics for Ebola Virus Disease). For all other Ebolavirus species and 

Marburgvirus no approved antiviral therapeutics exist. However, several candidates, mainly for 

SUDV and MARV are in the pipeline (WHO 2022, Sudan Ebolavirus Vaccine Tracker; WHO 

2023, Marburg virus vaccine landscape; Edwards and Basler 2019; Srivastava et al. 2024). 
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1.2 The replication of Marburg and Ebola virus  

1.2.1 Genome organization and virus structure 

Filoviruses form filamentous enveloped particles with a diameter of ~90 nm and a variable 

length of around 1000 nm (Bharat et al. 2012). The virions have a single glycoprotein (GP) 

displayed on their surface (Figure 4). Internally, the RNA is packaged into a helical structure 

by the nucleoprotein (NP) which is associated with viral protein 35 (VP35), viral protein 30 

(VP30), viral protein 24 (VP24), and the RNA-dependent RNA polymerase (L) (Bharat et al. 

2012; Su and Stahelin 2020; Fujita-Fujiharu et al. 2022; Watanabe et al. 2024). The matrix 

protein viral protein 40 (VP40) bind to the lipid bilayer and forms the inner surface of the viral 

envelope (Jasenosky et al. 2001; Wijesinghe and Stahelin 2015).  

 

Figure 4: Virus structure and genome organization of Filoviridae  

(A) Visualization of a filovirus particle with annotated viral proteins. (B) Schematic illustration of the genome 

organization of Ebola- and Marburgviruses. Colored squares represent protein coding regions for NP (green), VP35 

(pink), VP40 (brown), GP (yellow), VP30 (blue), VP24 (orange), and L (dark grey). Light grey boxes in the 

background indicate the respective genes. Transcriptional editing of Ebolavirus GP gene results in full length GP or 

ssGP. Unedited GP mRNA is translated to preGP. Dashed lines in GP indicate the protease cleave of preGP into 

sGP and the ȹ peptide or the cleavage of full-length GP into GP1 and GP2. Scale bar shows the length in 

nucleotides. Graphic (A) is taken from ViralZone by the Swiss-Prot group of the Swiss Institute of Bioinformatics. 

Graphic (B) is created after ViralZone by the Swiss-Prot group of the Swiss Institute of Bioinformatics and 

Biedenkopf et al. 2024, ICTV Virus Taxonomy Profile: Filoviridae based on the GenBank sequences AF086833 

(EBOV) and DQ217792 (MARV). 
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Filovirus particles contain a negative sensed, single stranded RNA (ss(-)RNA) genome. The 

genome is approximately 19 kilobases (kb) in length and encodes seven genes. The non-

segmented genome is organized in the following format:  3ô-Leader-NP-VP35-VP40-GP-VP30-

VP24-L-Trailer-5ô (Figure 4) (Feldmann et al. 1992; Sanchez et al. 1993). 

The NP packages the viral RNA to ensure protection against host cell ribonucleases (Dolnik 

et al. 2015a) and detection by cellular innate immune sensors. Together with VP30, VP35 and 

the L protein it forms the ribonucleoprotein complex, which transcribes the viral RNA (Elliott et 

al. 1985; Groseth et al. 2009). VP35 and VP30 are crucial co-factors for transcription whereas 

VP30 is dispensable for replication (Mühlberger et al. 1999; Boehmann et al. 2005; Enterlein 

et al. 2006; Mühlberger 2007). Besides this, VP35 has been shown to inhibit the host antiviral 

response by antagonizing the host interferon (IFN) response (Basler et al. 2000; Hartman et 

al. 2004; Cárdenas et al. 2006). The matrix protein VP40 has been shown to induce viral 

particle formation. In fact, expression of VP40 alone results in budding of filamentous shaped 

particles from the plasma membrane (Jasenosky et al. 2001; Timmins et al. 2001; Noda et al. 

2002; Jasenosky and Kawaoka 2004). VP24 of most Ebolaviruses, Marburgviruses and 

Cuevavirus has been shown to inhibit RIG-I (Retinoic acid-inducible gene I) and MDA-5 

(Melanoma differentiation-associated gene 5), two key factors in sensing intracellular viral 

RNA, and subsequent IFN stimulation. In contrast, VP24 of BOMV and MLAV did not show 

inhibition of RIG-I and MDA-5 dependent IFN stimulation (He et al. 2021). Interestingly, evasion 

of the hosts IFN response by interference with the IFN induction pathway via the Jak/STAT 

route is mediated by Ebola virus VP24, whereas Marburg virus VP24 does not have this 

function. Instead, Marburg virus VP40 blocks the Jak/STAT dependent IFN response (Reid et 

al. 2006; Valmas et al. 2010; Guito et al. 2017).  

The GP is the only surface protein of filoviruses and is essential for mediating viral attachment 

and entry into the host cell. Heavily glycosylated homotrimers of GP decorate the virion 

surface. The GP is a class I fusion protein and consists of two subunits: the receptor-binding 

subunit (GP1) and the fusion subunit (GP2) (Volchkov et al. 1998; Weissenhorn et al. 1998; 

Kuhn et al. 2006; White et al. 2008). In Orthomarburgvirus species, the GP gene encodes only 

a single protein, the full-length GP precursor (GP0). In contrast, Orthoebolavirus species 

generate multiple gene products through transcriptional editing. The gene product from the 

unedited GP gene is soluble GP (sGP, ~70 %) and the æ-peptide, which is cleaved by furin 

from the C-terminus of the pre-sGP (Volchkova et al. 1999; Mehedi et al. 2011a). The Ebola 

sGP is secreted as a homodimer and is thought to function as a decoy to protect virion-

associated GP from host neutralizing antibodies. In addition, it reduces cytotoxicity by 

preventing excessive full-length GP accumulation in the endoplasmic reticulum (ER) (Ito et al. 

2001; Volchkov et al. 2001; Mohan et al. 2012). Moreover, anti-inflammatory properties and 
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protective effects on the endothelial cell barrier have been described (Wahl-Jensen et al. 2005; 

Falzarano et al. 2006). Sequence analysis of the æ-peptide suggest that it may function as a 

viroporin, a small, membrane-permeabilizing protein (Gallaher and Garry 2015; He et al. 2017). 

Furthermore, the æ-peptide of some, but not all Ebolaviruses inhibit cell entry of EBOV and 

MARV, thus potentially help to prevent superinfection (Radoshitzky et al. 2011). Another gene 

product from RNA editing of the Ebolavirus GP gene is the small soluble GP (ssGP, ~5 %) 

(Mehedi et al. 2011a). However, its distinct biological function has not been identified yet (Zhu 

et al. 2019). The membrane bound full-length version of GP (GP0) of Ebola viruses is only 

translated as a subfraction (~25 %) after transcriptional editing while GP0 is the only GP gene 

product of Marburg viruses (Volchkov et al. 1995; Sanchez et al. 1996). Besides viruses of the 

Orthoebolavirus genus, also the LLOV GP gene (Cuevavirus genus) is translated into sGP 

with æ-peptide, ssGP or full-length GP0 based on transcriptional editing (Maruyama et al. 2014; 

Ng et al. 2014). Following translation, cleavage of GP0 at the multibasic furin cleavage site 

(FCS) results in GP1 and GP2 (Figure 5) can facilitated by a furin-like protease (Volchkov et al. 

1998; Volchkov et al. 2000). Whether this step is crucial for infectivity is still under discussion 

and will be explored in more detail in chapter 1.3.2.6. 

 

 

Figure 5: Schematic illustration of the domains of Ebola and Marburgvirus glycoprotein  

Depicted are signal peptide (SP, grey), receptor binding domain (RBD, pink), glycan cap (GC, light blue), mucin-

like domain (MLD, green), internal fusion loop (IFL, red), heptad repeat (HR, yellow) 1 and 2, and the 

transmembrane domain (TM, blue). The furin cleavage site (FCS), as well as the cathepsin cleavage site (CCS) 

are shown as black lines. Scale bar shows numbers of amino acids. Figure created after (Khurana et al. 2024; 

Schafer et al. 2021; Lee et al. 2008) 

 

GP1 contains the signal peptide, the receptor binding domain (RBD), the glycan cap and the 

heavily O-glycosylated mucin-like domain (MLD). GP2 contains the fusion loop, heptad repeats 

(HR), the transmembrane domain (TM) and a short cytoplasmic tail (Hunt et al. 2012; Lee and 

Saphire 2009). Both subunits are covalently connected by a disulfide bond and form the GP1,2 

heterodimer which subsequently assemble with two additional GP1,2 molecules to homotrimers 
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(Sanchez et al. 1998). At the cellular membrane, the GP1,2 homotrimer can be cleaved by the 

tumor necrosis factor alpha-converting enzyme (TACE). Shed GP is suspected to assist in 

reducing neutralization by anti-GP antibodies and helps to balance the GP amount to be 

incorporated into viral particles while reducing the GP mediated cytotoxicity (Dolnik et al. 2004; 

Dolnik et al. 2015b). 

 

1.2.2 Replication cycle of filoviruses  

The replication cycle of filoviruses can be briefly divided into six steps:  Attachment,  

entry,  transcription and  replication,  translation,  assembly and release (Figure 6). 

Of note, the majority of research on filovirus replication has been carried out on Ebolaviruses, 

specifically EBOV. However, due to their high similarity and the published studies on 

Marburgviruses and other Ebolavirus species it is assumed that their replication cycle is very 

similar.  

 

Figure 6: Scheme of the filovirus replication cycle  

 Filoviruses attach through specific attachment factors to the host cell and are subsequently taken up into 

endosomes by micropinocytosis.  Proteases in the endosomes are activated upon acidification, allowing the 

binding of the glycoprotein (GP) to its entry receptor NPC-1. Afterwards the viral particle fuses with the endosome 

membrane and releases the viral genome into the cytoplasm. There, the viral genome is transcribed  and 

subsequently translated . Translation of GP occurs at the rough ER.  The replication of the viral genome occurs 

first in the cytoplasm, later in inclusion buddies. The viral genome is packed and condensed into nucleocapsids. 

Subsequently, viral components are transported to the plasma membrane, assemble and bud from the cell 

membrane . Figure created by Jiro Wada, taken and adapted from ICTV (Biedenkopf et al. 2024, ICTV Virus 

Taxonomy Profile: Filoviridae), date of access: 29.03.2025 
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1.2.2.1 Attachment 

Ebola- and Marburgviruses initiate infection by attaching to host cells through interactions 

between its GP (and the glycans on its surface) and specific cellular attachment factors (Figure 

6). For example, C-type lectins, mainly the dendritic cell-specific intercellular adhesion 

molecule-3-grabbing non-integrin (DC-SIGN) and the DC-SIGN homologue DC-SIGNR 

(DC-SIGN related) function as attachment factors  (Alvarez et al. 2002; Simmons et al. 2003; 

Marzi et al. 2004; Takada et al. 2004; Gramberg et al. 2005; Marzi et al. 2007). Other reported 

attachment factors are T-cell Ig and mucin domain 1 (TIM-1) (Kondratowicz et al. 2011; Yuan 

et al. 2015; Zhang et al. 2022), glucosaminglycans like heparin sulfate (Salvador et al. 2013; 

O'Hearn et al. 2015; Tamhankar et al. 2018), and the zinc transporter SLC39A9 (Gong et al. 

2024).  

 

1.2.2.2 Entry 

After attachment, viral particles are taken up into endosomes, mainly by micropinocytosis while 

clathrin-mediated endocytosis and caveolin mediated endocytosis play a subordinate role 

(Nanbo et al. 2010; Saeed et al. 2010; Aleksandrowicz et al. 2011). By maturation into a late 

endosome and eventual fusion with lysosomes, the endosomes/endolysosomes become 

acidified. This activates the cysteine proteases cathepsin B (CatB) and cathepsin L (CatL). 

Cleavage by CatB and/or CatL removes the heavily glycosylated mucin-like domain (MLD) 

from the GP1 subunit, exposing the receptor-binding domain (RBD) (Chandran et al. 2005; 

Schornberg et al. 2006). Interestingly, different species depend differently on these cysteine 

proteases. While EBOV and TAFV require CatB, CatL plays a more important role for MARV 

cleavage (Misasi et al. 2012). The cleaved GP1 binds to Niemann-Pick C1 (NPC1), a crucial 

endosomal receptor, usually responsible for cholesterol transport (Carette et al. 2011; Côté et 

al. 2011). This interaction in combination with an unknown trigger, leads to remodeling of the 

fusion domain of GP2 (Brecher et al. 2012; Fénéant et al. 2019). Subsequently, the viral 

membrane fuses with the endosomal membranes and the viral genome is released into the 

cytoplasm for replication (Bale et al. 2011; Barfoot et al. 2020). The exact mechanism for 

membrane fusion is still not fully understood (Markosyan et al. 2016). However, it has been 

shown that the amount of cholesterol in the viral membrane is an important factor to facilitate 

remodeling of GP2 (Lee et al. 2021). 

 

1.2.2.3 Transcription and replication  

After release of the viral genome into the cytoplasm viral transcripts are generated by the RNA-

dependent RNA polymerase (L protein) (Mühlberger 2007). Together with NP, VP30, VP35 
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the L protein forms the ribonucleoprotein complex and primary transcription takes place in the 

cytoplasm. During accumulation of NP, inclusion bodies form where secondary replication and 

transcription take place (Hoenen et al. 2012; Lier et al. 2017). Viral RNA transcription is 

regulated by phosphorylation of VP30 (Modrof et al. 2002; Halfmann et al. 2008; Takamatsu 

et al. 2022). However, VP30 is dispensable for replication (Mühlberger et al. 1998). Newly 

produced proteins initiate replication of the viral genome. In the later infection phase, the 

ribonucleoprotein complex is condensed to the helical, highly ordered nucleocapsid by binding 

of VP24 and VP35 (Huang et al. 2002; Bamberg et al. 2005; Wan et al. 2017; Watanabe et al. 

2024; Vallbracht et al. 2025). 

 

1.2.2.4 Translation  

The translation of most filovirus proteins, except GP, takes place in the cytoplasm. Since the 

GP needs to be inserted into the ER membrane and it contains an N-terminal signal peptide 

(SP) the GP is translocated through the ER translocation channel (Sec61) and subsequently 

inserted into the ER membrane. Furthermore, it is assumed that viral glycoproteins are 

translocated cotranslationally like the majority of cellular membrane proteins (Klenk and Rott 

1980; Daniels et al. 2003; Liaci and Förster 2021). During translocation, the SP is cleaved and 

the polypeptide chain is glycosylated. During or after translocation, the GP is folded with the 

help of chaperons and translocated into the Golgi, where it is further modified with glycans 

(Klenk and Rott 1980). Additionally, GP0 is cleaved by certain proprotein convertases (PC), 

namely furin, into GP1 and GP2 to forming a GP1,2 heterodimer (Volchkov et al. 1998). 

Interaction with two other GP1,2 leads to the formation of a homotrimer which is transported 

further through the secretory pathway to the cell surface (Sanchez et al. 1998).  

Detailed membrane protein translocation trough the Sec61 channel and posttranslational 

modification are described in chapter 1.3.2 and following. 

 

1.2.2.5 Assembly and budding 

The nucleocapsid of MARV and EBOV is transported to the cellular surface via actin trafficking 

(Schudt et al. 2013; Schudt et al. 2015; Dolnik and Becker 2022). The GP is transported to the 

surface via the secretory pathway. VP40 transport to the surface is facilitated by the 

multivesicular body trafficking system. VP40 oligomerizes in contact with the lipid bilayer and 

orchestrates budding of filovirus particles (Scianimanico et al. 2000; Jasenosky et al. 2001; 

Jasenosky and Kawaoka 2004; Liu et al. 2010; Mittler et al. 2013) 
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1.3 Targeting the ER import pathway as target for novel antivirals 

1.3.1 Advantages and disadvantages in targeting host cell factors 

In recent years, the strategy of targeting host cell proteins rather than viral proteins for the 

development of novel antiviral therapies has gained increasing attention. The main advantage 

of this approach is a reduced likelihood of antiviral resistance development. Since viruses rely 

on specific host cell proteins for their replication, the adaption to alternative host factors is 

assumed to be more challenging than to acquire mutations in their own viral proteins that lead 

to resistance against antiviral drugs. Another advantage of targeting host cell factors is the 

potential for broad-spectrum antiviral activity. Since viruses within the same family often rely 

on the same host cell proteins for replication, inhibitors of these factors may be effective 

against multiple related viruses. Even viruses from different viral families may utilize common 

host cell proteins, further expanding the potential applicability of such antiviral strategies 

(Kumar et al. 2020; Cakir et al. 2021; Roa-Linares et al. 2023; He et al. 2024; Martin and Tripp 

2024). On the other hand, potential host cell targets may also play essential roles in the normal 

physiological functions of the host organism. Therefore, careful evaluation is required to ensure 

that inhibition of these targets is well tolerated and does not cause significant adverse effects. 

It is crucial to determine whether the temporary inactivation of a host factor during antiviral 

treatment is feasible without compromising the overall health and function of the host (He et 

al. 2024; Martin and Tripp 2024) 

 

1.3.2 The endoplasmic reticulum (ER) translocation pathway 

Approximately 25 % of all human proteins enter the secretory pathway because they are 

secreted or transmembrane proteins (Uhlén et al. 2015; Gutierrez et al. 2020). Therefore, the 

newly translated, nascent proteins are transported either co- or posttranslationally to the 

translocon complex in the ER membrane (Figure 7). In the posttranslational translocation, the 

protein is first fully translated in the cytoplasm and subsequently transported to the 

translocation cannel, while in cotranslational translocation, translation is paused until the 

ribosome reaches the translocation channel, to directly translocate the newly translated protein 

into the ER lumen. The majority of mammalian proteins are mainly translocated 

cotranslationally (Jung and Kim 2021).  
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Figure 7: Co- and posttranslational translocation  

In cotranslational translocation, the signal peptide (SP, green) is recognized by the signal recognition particle (SRP, 

orange). Upon binding of the SRP, translation is paused and the ribosome is transported to the Sec61 translocation 

channel, were translation continues and the newly produced polypeptide is simultaneously translocated through the 

channel. In posttranslational translocation the polypeptide is completely translated in the cytoplasm. Chaperones 

like Heat shock protein 70 (Hsp70, blue) bind to the translated protein to keep it in a translocation-competent state. 

Binding of BiP (binding immunoglobulin protein) at the luminal site of the translocation channel facilitates 

unidirectional translocation. Figure created after Denks et al. 2014 and Jung and Kim 2021. 

 

1.3.2.1 The signal peptide and targeting  

The fate of proteins is determined by its signal peptide (SP, N-terminally) or signal anchor (SA, 

internal) sequence which serve as signal to subject the nascent protein to the secretory 

pathway (Ng et al. 1996). These regions have a hydrophobic core region, as well as polar 

N-terminal region but are otherwise highly diverse in length and amino acid sequence (Heijne 

1985; Martoglio and Dobberstein 1998; Owji et al. 2018; Teufel et al. 2022). The sequence is 

recognized by specific proteins (e.g. signal recognition particles (SRP)) and are subsequently 

transported either co- or posttranslationally to the Sec61 translocation channel (Jadhav et al. 

2015; Liaci and Förster 2021). However, the signal peptide not only orchestrate the transport 

to the ER but might also affects cleavage of the SP by signal peptidases and the 

N-glycosylation of the nascent protein in the ER lumen (Rutkowski et al. 2001; Rutkowski et 

al. 2003). It has even been shown for filoviruses that exchanging the SP sequence between 

EBOV and SUDV could switch their glycosylation pattern (Marzi et al. 2006).  

 

1.3.2.2 The translocon complex  

The core of the translocon complex is formed by the Sec61 translocation channel. The Sec61 

translocation channel consist of one major subunit Sec61Ŭ and two smaller subunits Sec61ɓ 

and Sec61ɔ (Figure 8), which are highly conserved in eukaryotes as well as in prokaryotes 

(Denks et al. 2014).  
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Figure 8: Structure of the mammalian Sec61 translocation channel  

The trimeric Sec61 translocation channel consists of the channel forming subunit Sec61Ŭ (grey), Sec61ɓ (pink), 

including its cytosolic domain responsible for facilitating the insertion of non-optimal signal peptides, and Sec61ɔ 

(blue). The channel is depicted in its signal peptide (green) inserted, ñopenò state. Structure illustrated with UCSF 

ChimeraX (PDB: 3JC2) 

 

The Sec61Ŭ core together with the Sec61ɔ subunit is essential for protein translocation 

(Esnault et al. 1993; Falcone et al. 2011; Itskanov and Park 2023). The Sec61Ŭ subunit 

contains ten transmembrane helices and forms a channel through the ER membrane. A ring 

of highly conserved hydrophobic amino acids is located in the middle of the channel. 

Additionally, a small Ŭ-helix at the luminal side, the plug domain, blocks the channel (van den 

Berg et al. 2004; Voorhees et al. 2014; Itskanov et al. 2023). The opening of the channel is 

tightly regulated, either through insertion of a SP for cotranslational translocation or through 

the accessory proteins Sec62/Sec63 in posttranslational translocation (Meyer et al. 2000; 

Voorhees and Hegde 2016). Silencing of the SEC61A1 gene in HeLa cells leads to cell death 

after approximately 96 hours, highlighting the importance of this channel (Lang et al. 2012). In 

yeast the homolog of Sec61ɔ has been shown to be required for complete activation of the 

Sec61 channel after target insertion and to have stabilizing effect on the Sec61Ŭ core role 

(Wilkinson et al. 2010; Falcone et al. 2011).  

The function of the Sec61ɓ subunit has not been fully elucidated. While, Sec61ɓ appears not 

to be crucial for ribosome binding and function of the Sec61 translocon channel, cotranslational 

translocation is strongly reduced in Sec61ɓ deficient cells but could be restored by slowing 

down the elongation, suggesting a role in modulation of translocation for Sec61ɓ (Kalies et al. 

1998). In line with this, recent studies in yeast suggest that phosphorylation of the Sec61ɓ 

cytosolic region controls and fine-tunes the translocation of specific, critically Sec61ɓ-

dependent signal peptides by facilitating their insertion into the Sec61 channel (Barbieri et al. 

2023; Yadhanapudi et al. 2024). Barbieri and colleagues discovered that ~12% of secretory 

and transmembrane proteins depend on the yeast homologue of Sec61ɓ for translocation. 
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These proteins had in common that they had a non-optimal targeting sequence with reduced 

hydrophobicity (Barbieri et al. 2023). 

 

1.3.2.3 Membrane insertion of type I membrane proteins  

The GPs of filoviruses are type I transmembrane proteins, as many other viral GPs like 

Influenza A (IAV) hemagglutinin (HA), the severe acute respiratory syndrome coronavirus type 

2 (SARS-CoV-2) Spike (S) protein, and the envelope (env) protein of human immunodeficiency 

virus (HIV) (Will et al. 1993; Chen and Chou 2017). Type I transmembrane proteins are 

characterized by an N-terminal SP and a stop transfer (ST) sequence, usually located in the 

C-terminal region (Figure 9) (Pool 2022).  

 

 

 

Figure 9: Types of Sec61 substrates  

Different types of proteins are translocated trough the Sec61 channel. Secreted proteins as well as type I 

transmembrane (TM) proteins contain a signal peptide (SP, green) which is usually cleaved during translocation. 

The SP of type I TM proteins is inserted in a reversed manner resulting in an N-terminus with luminal orientation. 

Translocation of type I TM proteins stops at the stop transfer (ST, blue) sequence, which anchors the protein in the 

membrane. Type II and III TM proteins do not contain a SP and are either oriented with the C-terminus (type II) or 

the N-terminus (type III) in the ER lumen, depending on insertion orientation of the ST sequence. Graphic created 

after Morel et al. 2018 and Pool 2022. 

 

Upon delivery of the nascent protein, the SP is inserted in reverse orientation (N-terminus 

facing the cytosolic side) into the Sec61 channel (Figure 10) (Halic and Beckmann 2005). 

Through insertion of the SP the luminal gate of the Sec61 channel opens by moving the plug 

domain and translocation of the protein continues (Spiess et al. 2019; Itskanov et al. 2023).  
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Figure 10: Cotranslational translocation through the Sec61 channel  

The N-terminal signal peptide (SP, green) of the newly produced nascent polypeptide is recognized by the signal 

recognition particle (SRP, orange). Translation pauses and the ribosome complex is translocated to the 

translocation channel where the SRP binds to the Ŭ-subunit of the SRP receptor (SRPR, green) and the ribosome 

to the Sec61 channel. The SP is inserted into the Sec61 channel and translation continues. At the luminal site BiP 

(yellow) assists gating of the Sec61 channel and helps ñpullingò the nascent polypeptide chain through the channel. 

Translocation stops when the ST signal reaches the channel. SP is cleaved by the signal peptidase complex (SPC, 

grey) and N-linked glycosylation is catalyzed by the oligosaccharyltransferase (OST, purple). Opening of the Sec61 

lateral gate leads to release of the protein into the ER membrane. Graphic created after Nyathi et al. 2013, Skalka 

et al. 2015, and van Puyenbroeck and Vermeire 2018. 

 

The remaining protein translocates through the channel into the ER lumen until the 

hydrophobic ST sequence reaches the Sec61 channel. Subsequently, the lateral gate opens 

and releases the transmembrane (TM) domain within the ST sequence into the lipid bilayer 

that the newly translated transmembrane protein is orientation with the N-terminus at the ER 

luminal and the C-terminus at the cytosolic side (van Puyenbroeck and Vermeire 2018).  

 

1.3.2.4 Posttranslational glycosylation 

Ribosome binding to the Sec61 complex leads to the recruitment of the signal peptidase 

complex (SPC), which cleaves the SP from the translocated protein. Interestingly, an 

interaction of a signal peptidase subunit with the Sec61ɓ subunit has been reported (Kalies et 

al. 1998). Besides this, the Sec61 channel is associated or in close proximity with further 

protein complexes, assisting in translocation or playing a role in posttranslational modification 

(Meyer et al. 2000). Analysis of cryo-EM structures of yeast and mammalian cells showed that 

the Sec61 complex is associated with the oligosaccharyltransferase (OST). The OST complex 

facilitates the transfer of glycans to the newly translated and translocated proteins (Kelleher et 

al. 1992). During translocation through the Sec61 channel, the polypeptide chain is scanned 

by the OST. At asparagine (N) residues within a N-X-T or N-X-S motive (with X Í proline) the 
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OST complex transfers a complex sugar from a dolichol pyrophosphate molecule (Chavan and 

Lennarz 2006; Braunger et al. 2018; Mohanty et al. 2020). Subsequently, two of three glucose 

molecules are removed by glucosidases I and II and the luminal chaperones calreticulin and 

calnexin assist in protein folding (Ou et al. 1993; Hebert et al. 1996; Hebert et al. 1997). Folding 

progress is monitored by removing and re-adding of the remaining glucose molecule. 

Misfolded proteins are degraded whereas correctly folded proteins are transported into the 

Golgi apparatus, where glycans can be further modified (Hammond et al. 1994; Hebert et al. 

1995; Besse et al. 2017).  

The most common type of O-linked glycosylation takes place in the Golgi. N-

acetylgalactosamine (GalNAc) is added to serine (S) or threonine (T) residues of  the 

completely folded protein in the Golgi compartment (van den Steen et al. 1998; Bennett et al. 

2012). These glycans can also be further modified in the Golgi apparatus by about 20 different 

GalNAc transferases. Other forms of O-linked glycosylations are O-mannosylation of S and T 

residues (in the ER), O-linked of addition of galactose to hydroxyl-lysine (HO-L, in the 

ER/Golgi), and O-linked addition of fucose (to S and T) and glucose (to S). Nuclear and 

cytoplasmic proteins are glycosylated by O-GlcNAcylation of S and T residues (van den Steen 

et al. 1998; Wells and Hart 2003; Bagdonaite et al. 2022). Of note, the O-mannosylation is 

facilitated by the protein O-mannosyltransferase (POMT) complex which has been shown for 

yeast to associate with the OST and the Sec61 channel as well as the Sec61 accessory protein 

Sec63. In addition, mis-/unfolded or slow folding proteins are O-mannosylated due to their 

extended stay in the ER (Loibl et al. 2014; Bai et al. 2019). Besides N- and O-glycosylation, C-

glycosylation is a further posttranslational modification. For this, mannose is transferred from 

dolichol-phosphate to a tryptophan (W) within a W-X-X-W/C motif by a C-

mannosyltransferease (CMT) (Bloch et al. 2023). Shielding of the viral GP by glycans helps to 

evade neutralizing antibodies and protects against degradation by proteases (Vigerust and 

Shepherd 2007; Lennemann et al. 2014). In addition, it is hypothesized that the heavily 

glycosylated MLD can also shield cellular molecules e.g. MHC class I from being recognized 

by immune cells, which is called epitope masking (Reynard et al. 2009; Cook and Lee 2013; 

Francica et al. 2010). Moreover, the particular type of glycans on the GP surface of 

Ebolaviruses influences DC-SIGN/DC-SIGNR mediated attachment. Specifically, high-

mannose N-glycans increase DC-SIGN/DC-SIGNR mediated attachment and subsequently 

entry (Lin et al. 2003; Marzi et al. 2006).  

The GP of filoviruses are N- and O- glycosylated. Ebolaviruses contain seven (BOMV) to 15 

(EBOV and RESTV) N-linked glycosylation sites in GP1, with some of them being highly 

conserved between the species (Figure 11). LLOV and MARV contain 14 to 20 GP1 N-linked 

glycosylation sites, respectively (Jeffers et al. 2002; Peng et al. 2022). While Marburgviruses 
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and Cuevavirus have three N-linked glycosylation sites within GP2, Ebolaviruses (N563 and 

N618) have two, which are also highly conserved in all three genera.  

 

Figure 11: N-linked glycosylation sites of Ebolaviruses, Marburgvirus and Cuevavirus  

Displayed are the location of N-linked glycosylation and C-mannosylation sites of all known Orthoebola-, 

Orthomarburg- and Cuevavirus species. Most N-linked glycosylations are located in GP1 in the glycan cap (pink) 

and the mucin-like domain (MLD, yellow). The glycosylation sites N563 and N618 in GP2 (blue) are highly conserved 

within those species. Below, spatial positioning of the N-linked glycosylations on the trimeric glycoprotein (GP) are 

depicted. Figure taken from Peng et al. 2022. 

 

By using tunicamycin, a small molecule blocking N-glycosylations, it was shown that 

N-glycosylation of MARV-GP is required for transport into the Golgi and further GP processing. 

However, it was not investigated if this is limited to only certain N-glycosylation sites (Becker 

et al. 1996). In contrast, for EBOV all N-glycosylation sites where investigated by mutagenesis. 

N-linked glycosylation sites within GP1 were shown to be not required for GP processing and 

even enhanced infectivity of viral pseudoparticles, possibly by enhanced protease accessibility 

(Lennemann et al. 2014). For the conserved N-linked glycosylation sites, results are 

inconsistent. Jeffers and colleagues report a decrease in infectivity for mutants lacking the 

N563 glycosylation but no effect for the N618 mutant, while Lennemann and colleagues report 

an increased transduction efficiency for mutants without N563 glycosylation but a decrease for 
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the N618D mutant. The double mutant of N543/N618 showed a strongly reduction of infectivity. 

On the other hand, Wang and colleagues report a critical function of both glycosylation sites 

on GP processing (Jeffers et al. 2002; Lennemann et al. 2015; Wang et al. 2017). In addition 

to the N-linked glycosylation, the GP is also heavily modified by O-linked glycosylation in the 

Golgi at the S and T rich mucin-like domain. Removing the complete MLD leads to a dramatic 

increase in infectivity of viral pseudotypes, supposedly due to faster traveling through the 

secretory pathway (Jeffers et al. 2002). Furthermore, the GP of Ebolaviruses and Cuevavirus, 

but not Marburgviruses is C-mannosylated at position W288 (Peng et al. 2022). 

 

1.3.2.5 Further posttranslational modifications of filoviruses 

For Ebolavirus it has been shown that GP1 and GP2 are cross-linked by one disulfide bond 

(C53-C609) to form GP1,2 after cleavage. Additionally, two disulfide bonds within GP1 (C108-

C135, C121-C147) and two within GP2 (C511-C556, C601-C608) have been hypothesized. 

Since these cysteine residues are conserved for Marburgvirus GP, similar disulfide bonds were 

suggested for Marburgvirus (Jeffers et al. 2002). In addition, the two cysteines within the TM 

domain close to the C-terminus of GP2 (C670 and C672) are palmyotylated (Funke et al. 1995; 

Ito et al. 2001).  

 

1.3.2.6 GP processing by proprotein convertases  

Many viral GPs require proteolytic cleavage for infectivity. For example, IAV HA is cleaved by 

the protease furin (Stieneke-Gröber et al. 1992) and Lassa virus (LASV) or lymphocytic 

choriomeningitis virus (LCMV) GPC are cleaved by subtilisin kexin isozyme-1 (SKI-1) (Beyer 

et al. 2003; Lenz et al. 2001). Cleavage of cellular precursor proteins but also viral GPs is 

facilitated by proprotein convertases (PCs) in the secretory pathway (Seidah and Prat 2002). 

PCs are activated though autocatalytic removal of their N-terminus (Anderson et al. 1997; da 

Palma et al. 2016). Currently, nine different PCs, also termed proprotein convertase 

subtilisin/kexin (PCSK) are known: PC1, PC2, furin, PC4, PC5 (A and B), PACE4 (paired basic 

amino acid cleaving enzyme 4) and PCSK7, SKI-1 and PCSK9. Except for SKI-1 and PCSK9, 

all PCs cleave at the R-Xn-RŹ (n = 0, 2, 4, 6) consensus motif (Seidah and Prat 2012). For SKI-

1 the consensus sequence R-X-(L/V/I)-XŹ (X Í P or C) has been reported (Pasquato et al. 

2006). The only substrate of PCSK9 is self-cleavage at the sequence V-F-A-QŹ (Benjannet et 

al. 2004; Seidah and Prat 2012). GP0 of Ebola and Marburg viruses is cleaved at the multibasic 

furin cleavage site (FCS) by the proprotein convertase (PC) furin during passage through the 

secretory pathway, generating GP1 and GP2 (Volchkov et al. 1998; Volchkov et al. 2000). 

However, in the past multiple studies demonstrated in vitro and in vivo that cleavage of GP0 
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by furin is dispensable for efficient entry of progeny viruses into host cells (Wool-Lewis and 

Bates 1999; Neumann et al. 2002; Neumann et al. 2007; Ströher et al. 2007). This is unusual 

among viral class I fusion proteins, where proteolytic processing is typically essential for 

infectivity (White et al. 2008; Harrison 2005). Recent findings suggest that alternative 

proteases may compensate for furin cleavage, potentially revising the current understanding 

of the requirement for proteolytic processing of Ebolaviruses (Bestle et al. 2024). In contrast, 

the requirement of Marburgviruses for cleavage by PCs has not been investigated yet.  

 

1.3.3 The Sec61 translocation channel as therapeutic target  

Enveloped viruses need to insert their newly produced glycoproteins into a host membrane 

because new viral particles are produced by budding host membranes containing viral GPs. 

Therefore, viruses are hijacking the endoplasmic reticulum (ER) translocation pathway. Since 

this pathway is used by a range of many different enveloped viruses, targeting the factors of 

the ER translocation pathway might result broad-spectrum antivirals. In a genome-wide 

CRISPR/Cas9 based screening Zhang and colleagues as well as Marceau and colleagues 

found that ER proteins might be a promising target. They could show that some of these 

proteins are required for Flavivirus replication and at the same time knockdown/knockout was 

compatible with cellular survival (Zhang et al. 2016; Marceau et al. 2016).   

Several small molecules have been identified to efficiently block the Sec61 channel. Some of 

them act nonselectively like Apratoxins, while others show some degree of substrate selectivity 

for blocking certain signal peptides like cotransins (Rehan et al. 2023). The specific mechanism 

why some of these inhibitors show certain selectivity has just started to be understood (Liu et 

al. 2009; Itskanov et al. 2023). The translocon channel has not only been in the focus for novel 

broad-spectrum antiviral drugs, but also has been shown to be a promising target for other 

diseases. For example, Sec61 channel inhibitors were investigated as anti-cancer drugs 

(Domenger et al. 2022; Domenger et al. 2023). Currently one small molecule inhibitor against 

Sec61, KZR-261 from Kezar Life Sciences, Inc. is in phase one clinical trial against 

advanced/metastatic solid tumors (Kezar Life Sciences, Inc. 2021, KZR-261 in Subjects With 

Advanced Solid Malignancies). Here, inhibition of Sec61 should reduce multiple molecules that 

promote tumor growth, formation of metastasis or immune evasion, like cytokines, growth 

factors, proteases, or angiogenic factors (Kim et al. 2022; National Cancer Institute, Sec61 

inhibitor KZR-261). Also Apratoxin derivates, showed to reduce tumor progression of two 

different tumors in mice (Cai et al. 2019; Chen et al. 2011). Furthermore, the Sec61 inhibitor 

cyclotriazadisulfonamide (CADA) has been shown to downregulate cluster of differentiation 4 

(CD4), the entry receptor of HIV by blocking selectively the SP of CD4 from being translocated 

through the Sec61 channel (Vermeire et al. 2002; Vermeire et al. 2008; Vermeire et al. 2014). 
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The Sec61 inhibitor Apratoxin S4, a derivate of Apratoxin A, a small molecule discovered in 

the marine cyanobacterium (Lyngbya majuscula) (Luesch et al. 2001) was investigated in this 

study for its antiviral activity against EBOV and MARV. Previously, a board-spectrum antiviral 

activity against SARS-CoV-2,  IAV and flaviviruses had been shown (Pohl et al. 2022). Other 

diseases, where secretion of specific proteins or certain transmembrane proteins need to be 

reduced are suspected to benefit from Sec61 inhibitors as well. For example, autoimmune 

diseases. Here, the reduced secretion of proinflammatory molecules would be beneficial 

(Baron et al. 2016). 

 

1.3.4 Current and future host targeted antivirals 

To date, only a limited number of host directed drugs have been approved for treatment of viral 

infection. Among them are e.g. Maraviroc, an antagonist of CCR5 (chemokine receptor type 

5), a co-receptor for HIV entry, and ribavirin, inhibiting the IMPDH (Inosine 5ǋ-monophosphate 

dehydrogenase) to reduce intracellular GTP levels, which is licensed for treatment of 

respiratory syncytial virus (RSV) and hepatitis C virus (HCV) (He et al. 2024). 

With regards to Sec61 channel inhibitors, certain compounds, such as cotransins, selectively 

inhibit the translocation of proteins with specific SPs. However, the determinants underlying 

this client-specific inhibition are only beginning to be understood (Rehan et al. 2023; Wenzell 

et al. 2024).Future research might enable the design of Sec61 inhibitors that selectively block 

the translocation of viral GPs without or only minimal effect on cellular biosynthesis to minimize 

possible side effects and toxicity. Artificial intelligence (AI)-driven approaches could further 

facilitate the identification of such highly specific inhibitors. An example for this direction is the 

French start-up Enodia Therapeutics, a spin-off from the Institute Pasteur and supported by 

Agrobio, was founded end of February 2025. This start up is focusing on AI-assisted 

development and improvement of small molecule Sec61 inhibitors against infectious diseases, 

cancer, and diverse inflammatory diseases, highlighting the potential of Sec61 as a therapeutic 

target (Institut Pasteur 2/26/2025).    



Aims 

25 
 

2. Aims 

Zoonotic spillovers of viruses, including spillovers of filoviruses to humans, are expected to 

become more frequent due to urbanization and climate change. Filoviruses constitute a 

particular high threat because of their high lethality and the limited therapeutic options available 

at present. Consequently, Marburgviruses as well as Ebolaviruses are classified as priority 

pathogens by the WHO. To lower the impact of future filovirus spillovers and outbreaks, it is 

crucial to increase the repertoire of therapeutic interventions. 

Host-directed small molecule inhibitors offer several advantages as compared to virus-directed 

inhibitors. First, targeting host proteins reduces resistance development since adaption to 

other host cell proteins is considers more challenging than acquiring mutations to overcome 

inhibition of the viral protein. Second, small molecule inhibitors targeting host proteins used by 

diverse viruses will exert broad antiviral activity. Finally, small molecules are also often superior 

to protein-based drugs such as antibodies in terms of their storage and thus their availability 

in outbreak settings.  

The first critical step in the development of host-directed therapy is the evaluation of possible 

host cell targets, which are required for virus infection but at the same time dispensable for 

cellular survival. CRISPR/Cas9-based loss-of-function screens have in the past identified 

cellular factors necessary for virus replication. In one such screen components of the protein 

translocation machinery at the ER, which are of central importance in the synthesis of 

membrane glycoproteins, emerged as potential targets. In particular, Sec61ɓ, part of the 

Sec61 translocation channel, was shown to be important for replication of several flaviviruses 

(Zhang et al. 2016).   

 

Therefore, it was aimed to:  

1. Generate SEC61B-KO cells and evaluate how the absence of Sec61ɓ impacts Marburg 

and Ebolavirus glycoprotein expression and/or function  

 

2. Investigate the mechanism by which Sec61ɓ impacts filovirus glycoprotein expression 

and/or function 

 

3. Evaluate the potential of the Sec61 channel as therapeutic target in the context of 

filovirus infection 
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