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1 Abstract  
 

Viruses are a continuous threat for the human population. They are causing 

tremendous damage to human health and economy. Not only zoonotic viruses, which 

jump from animals to humans, but also the spread of highly adapted human pathogens, 

results in an increase of epidemics. To be prepared for future challenges it is necessary 

to gain fundamental knowledge of viruses and utilize this knowledge to invent 

applicable counteractions. Antiviral intervention is possible at several key points of the 

viral replication cycle. Preventing already the entry of the virus into the host cell holds 

great potential for effective treatment strategies, as it completely prevents virus 

induced damage to the cell. We therefore investigated fundamental basics of the entry 

and fusion mechanism as well as potential intervention strategies of two distinct 

viruses, one zoonotic and recently emerged, the other one evolutionary ancient and 

highly adapted.  

 

First, we analyzed the viral surface glycoprotein Spike (S) of the recently emerged 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and compared it with 

the Spike of the severe acute respiratory syndrome coronavirus (SARS-CoV). Both 

viruses require the viral surface protein Spike, the cell surface receptor ACE2 and an 

activating protease to enter the cell. We were able to show that SARS-CoV-2 Spike-

mediated cell-cell fusion was less dependent on the protease TMPRSS2 and more on 

the receptor ACE2; Vice versa the SARS-CoV Spike-mediated cell-cell fusion was 

more dependent on TMPRSS2 and less on ACE2 expression. We could show that this 

observation was based on the fact that the SARS-CoV-2 Spike can be activated, in 

addition to members of the transmembrane protease serine subtype (TMPRSS)-family 

and cathepsins, by metalloproteases. The TMPRSS2-independent activation of the 

Spike for cell-cell fusion and the ability of forming syncytia was related to the multibasic 

cleavage motif present in the SARS-CoV-2 Spike. Furthermore, we identified a KR-

motif in the SARS-CoV-2 Spike subunit 2 (S2) as the key site for TMPRSS2 proteolytic 

activation. While mutation of this site abolished any TMPRSS2-related activation, the 

SARS-CoV-2 Spike was still proteolytically activated by metalloproteases for cell-cell 

fusion and cathepsins for particle entry. In addition, we were able to identify the over-

the-counter medication Ambroxol as inhibitor of SARS-CoV-2 replication in Calu-3 

cells.  
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In contrast to the entry of SARS-CoV-2, the high degree of complexity of the entry of 

Kaposi’s sarcoma herpesvirus (KSHV) does not allow for a simple intervention. We 

therefore analyzed the antiviral activity of the host cell broad-spectrum restriction 

factors Interferon (IFN)-inducible transmembrane proteins (IFITMs) on the gamma-2-

herpesviruses KSHV and the closely related primate virus rhesus monkey rhadinovirus 

(RRV). We were able to show that the entry of KSHV and RRV is inhibited by IFITM1 

in a cell-dependent manner. While knockout of IFITMs in cells of epithelial and 

fibroblast origin enhanced KSHV and RRV infection, IFITM-knockout in endothelial 

cells remained without effect. We could furthermore show that in epithelial and 

fibroblast cells, IFITM1 overexpression inhibited the KSHV and RRV infection more 

effectively than IFITM2 and IFITM3. By showing that all IFITMs inhibit gamma-2-

herpesvirus glycoprotein-mediated cell-cell fusion and that KSHV partially evades this 

restriction, likely by avoiding IFITM-positive compartments, we could contribute to the 

understanding of the IFITM mechanism against the entry of enveloped viruses.  

Taken together this thesis investigated fundamental basics of SARS-CoV-2 entry and 

fusion as well as the impact of IFITMs on gamma-2-herpesviruses, leading to future 

perspectives for intervention strategies against the entry process of enveloped viruses.  
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2 Introduction 
 
 

2.1 Viral biology and pathogenesis 
 

2.1.1 The pandemic zoonotic virus SARS-CoV-2  
 

Development of fatal disease is a rare event when pathogens are adapted to their 

respective host. However, when viral infections occur in a non-natural host, severe 

diseases can arise. Viruses with a zoonotic origin like influenza A virus (IAV), human 

immunodeficiency virus (HIV) and Ebola virus (EBOV) caused epidemics with severe 

outcomes and in case of IAV, the 1918 pandemic (1–3). Although coronaviruses 

(CoVs) are also found natively in the human population, where they can cause 

common cold, zoonotic spillover of severe acute respiratory syndrome coronavirus 

(SARS-CoV), middle east respiratory syndrome coronavirus (MERS-CoV) caused 

epidemics and SARS-CoV-2 an ongoing pandemic (4). SARS-CoV-2 has a non-

segmented positive single stranded RNA genome with a size of 29.8-29.9 kb, coding 

for at least 23 ORFs (5). The origin of SARS-CoV-2 is still unclear; It shares similarities 

with bat and pangolin CoVs (6–10). Initially, the bat CoV RaTG13 was identified as the 

CoV with the highest similarity to SARS-CoV-2 (6). Recent studies identified several 

bat CoVs that are even closer related to SARS-CoV-2 than RaTG13 (8, 11, 12). 

However, these viruses are believed to be too distantly related to serve as origin of 

SARS-CoV-2 (8, 11–14). It is therefore assumed that transmission from bat to human 

involved an intermediate host as shown for SARS-CoV (13). While, the residues found 

in the receptor binding domain (RBD) share similarity with pangolin CoVs (7, 15, 16), 

key residues in the RBD and the S1/S2-site (see chapter 2.3.1) significantly differ (17), 

leaving the search for an intermediate host still open. However, regarding receptor 

usage, proteolytic priming and pathogenesis, SARS-CoV-2 displays similarities to the 

more distantly related SARS-CoV (7, 18). In principle, SARS-CoV-2 is an airborne virus 

which is mainly transmitted via respiratory droplets, but infection through aerosols, 

contaminated surfaces, and fecal–oral transmission, similar to SARS-CoV, might be 

possible as well (15, 16, 19). The most astonishing characteristic of SARS-CoV-2 is 

the spectrum of disease symptoms which reaches from asymptomatic cases to fatal 

pneumonia. SARS-CoV-2 causes the coronavirus disease 2019 (COVID-19). While 

most symptomatic cases involve symptoms of common cold or flu, the disease can 

rapidly progress to the acute respiratory distress syndrome with fatal outcome (20, 21). 
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The severeness of COVID-19 is related to different risk factors like age and pre-existing 

diseases (22, 23). Besides the clear initial disease characteristics, long lasting 

symptoms including fatigue, periodic headache as well as cognitive impairment are 

also reported and are now called long COVID (24–26). While initially thought to be 

unaffected by SARS-CoV-2 infection, also children can acquire a severe post-

infectious complication named pediatric inflammatory multisystem syndrome (27, 28). 

Meanwhile several vaccines are available, however due to the emerge of new SARS-

CoV-2 variants with increasing chance of immune escape, there is still a demand for 

effective COVID-19 treatment options (29, 30).  

 

2.1.2 The human oncogenic virus KSHV  
 

Some members of the herpesvirus family belong to the most widespread viruses in the 

world. Herpes simplex virus 1 (HSV-1) and Epstein-Barr virus (EBV) were shown to 

have a seroprevalence of at least 60% in the human population and up to 80% in some 

countries (31, 32). Herpesviruses are highly adapted pathogens and are constantly 

coevolving with their respective hosts (33, 34). Upon primary infection they establish a 

lifelong persistence (35, 36). The herpesvirus family is divided into the alpha-, beta- 

and gammaherpesviruses (37). Key feature of all herpesviruses is a biphasic 

replication cycle. The latent phase allows efficient immune evasion with just a small 

subset of viral proteins expressed (36, 38, 39). During this phase, the viral genome is 

maintained alongside with the host genome as episome (40). Sensing of environmental 

changes results in expression of lytic genes and reactivation (36, 41–44). While most 

herpesvirus infections do not cause severe diseases in healthy individuals, the 

gammaherpesvirus family harbors two of the seven known tumorigenic viruses, EBV 

and the gamma-2-herpesvirus Kaposi’s sarcoma herpesvirus (KSHV) (45). In addition 

to KSHV, the gamma-2-herpesvirus sub-family also contains the rhesus monkey 

rhadinovirus (RRV), which is used to study gamma-2-herpesvirus biology in animal 

models and shares similarities with KSHV. Like all herpesviruses, KSHV and RRV 

have a double-stranded DNA genome that is enclosed by the icosahedral capsid. The 

viral tegument is a layer of proteins that are involved in viral assembly, particle 

transport as well as immune evasion and separates the capsid from the lipid envelope 

(46, 47). KSHV causes Kaposi’s sarcoma (KS), a highly vascularized tumor, which was 

first described in 1872 by Moritz Kaposi (48). Since then, four main types of KS have 

been described: The classical KS mainly occurs in elderly men of Mediterranean or 
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Jewish ancestry (48), while the endemic KS, that is predominately found in Africa, also 

affects children (49), the epidemic or acquired immune deficiency syndrome related 

KS is linked to HIV infection (50) and the iatrogenic KS is found in organ transplant 

recipients (51). Today, KSHV is also associated to primary effusion lymphoma (PEL) 

(52), multicentric Castleman disease (MCD) (53), KSHV inflammatory cytokine 

syndrome (54) and cases of osteosarcoma (55). Although the exact mechanism of 

KSHV oncogenesis is not completely understood in detail, several of the KSHV genes 

that are expressed during latency and reactivation promote enhanced cell survival, 

proliferation as well as secretion of growth and angiogenic factors and thus likely 

contribute to oncogenesis (46). The main transmission route of KSHV is via saliva, but 

it is also transmitted via sexual contact, blood or solid organ transplantation (51, 56). 

Seroprevalence of KSHV is distributed with high regional differences; The highest 

seroprevalence is found in sub­Saharan Africa with up to 90%, followed by 20-30% in 

the Mediterranean area and under 10% in northern Europe, Asia and the USA (57). 

This is also reflected by the KSHV-associated disease incidence. While occurrence of 

KSHV-associated disease is rather low in industrial countries, KSHV-associated 

malignancies belong to the most common cancers in endemic areas like sub­Saharan 

Africa (57–59). Treatments against KSHV-associated diseases mainly involves anti-

HIV therapy or chemotherapy, but to date no vaccine is available and especially in PEL 

and MCD patients, treatment options are limited, often leading to poor prognosis (46, 

57).  

 

 

2.2 Viral replication cycle and cell-cell fusion 
 

Viruses are per se no living organisms, they are obligate parasites that depend on host 

organisms to promote their propagation. To successfully infect and spread in an 

organism, a concerted sequence of events must occur in which viruses hijack the host 

cell machinery to produce infectious offspring. The first step in the viral replication cycle 

is the attachment to a host cell (Figure 1; (60)). There are two major possibilities for 

attachment: While some viruses attach directly through interaction of their surface 

protein with the respective cellular receptor that also triggers entry into the cell, other 

viruses first attach via interaction with cell surface carbohydrates like heparan sulfate 

proteoglycan (HSPG) or sialic acid, which not directly facilitate entry in most cases (60, 
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61). These abundant cell surface molecules increase the local particle concentration, 

which decreases the required affinity to bind the entry receptor (62). In contrast, binding 

to the viral entry receptor actively promotes the entry into the target cell e.g. by initiation 

of conformational changes of the viral surface protein that results in direct fusion at the 

plasma membrane (63, 64), passive endocytic internalization (65, 66) or direct 

activation of endocytosis (67, 68). Although plasma membrane fusion is seen for 

viruses like HIV-1 (69) and HSV-1 (70), endocytic entry is often favored as it may allow 

avoidance of the crowded intracellular meshwork and immune surveillance. The major 

route of endocytic entry used by a variety of viruses is the clathrin-mediated 

endocytosis. Besides this, viruses can also enter the cell via caveolin-mediated 

endocytosis, macropinocytosis as well as several uncharacterized clathrin/caveolin-

independent routes (71, 72). Most of these pathways ultimately end in the 

endolysosomal pathway where the fusion of the viral and host membrane results in the 

release of the viral content into the host cell. In case of most negative and positive 

single-stranded RNA viruses, the replication of the viral genome and translation of viral 

proteins starts already in the cytosol. In case of retroviruses and DNA-viruses, like 

herpesviruses, the genome is transported to the nucleus where it is replicated and 

transcribed (35, 73). The produced viral proteins, together with the viral genome are 

then assembled to progeny virus. The budding of the progeny virus then takes place 

and new virions are released.  

Another possibility for the virus to spread is the formation of syncytia. Syncytia are 

formed when infected cells fuse with uninfected neighboring cells and are 

characterized by multinucleation (74). The formation of syncytia allows viral spread to 

nearby cells without the production of assembled viral particles. The syncytia formation 

is mediated by the viral surface fusion protein (chapter 2.4) and likely contributes to 

enhanced viral replication, escape of immune surveillance as well as tissue damage 

by cytopathic effects (75–77). Cell-cell fusion is mainly observed when viral fusion 

proteins are capable to mediate direct fusion at the plasma membrane (see chapter 

2.4) (78–80). When the viral fusion proteins are found at the host cell surface, fusion 

can be activated by interaction with the host receptors present on neighboring cells 

(80). Replication and transcription/translation of the viral genome can then occur as 

described for above. 
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Figure 1: Simplified viral replication cycle. The viral particle binds to the host cell via attachment factors 
or the viral entry receptor. Binding to the entry receptor triggers direct fusion at the plasma membrane 
or internalization of the viral particle via endocytosis. Fusion of the viral and host membrane either at 
the plasma membrane or the endolysosomal pathway results in the release of the viral genome into the 
host cell. The viral genome is either directly replicated, transcribed, and translated in the cytosol or 
transported to the nucleus where replication of the viral genome and/or transcription takes place. 
Transcription of viral transcribed mRNA results in production of viral proteins, together with the replicated 
viral genome, these are assembled to progeny virus. The progeny viral particles then egress via 
exocytosis or cell lysis (60). 

 

 

2.3 Viral entry and cellular receptors 
 

2.3.1 SARS-CoV-2 entry 
 

SARS-CoV-2 only expresses a single viral surface glycoprotein which mediates 

receptor binding and fusion. This Spike (S) protein is highly conserved among 

coronaviruses regarding function and domain organization. During maturation of the 

Spike, it is cleaved into the subunit 1 (S1) and subunit 2 (S2) (Figure 2A; (18, 79, 81)). 
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The SARS-CoV-2 S1 contains the receptor binding domain (RBD), which promotes 

binding to the SARS-CoV-2 entry receptor ACE2 (18, 79). Binding to ACE2 was 

already shown for SARS-CoV and the bat CoV RatG13 (14, 82). The affinity of SARS-

CoV-2 Spike to hACE2 is, however, 1000-fold higher than RaTG13 Spike (14), while 

the binding affinity of SARS-CoV-2 Spike and the more distantly related SARS-CoV 

Spike to hACE2 is in a similar range, although with slight differences (83–85). In 

addition to ACE2, also Neuropilin-1 was shown to enhance the entry of SARS-CoV-2 

(86, 87). The SARS-CoV-2 Spike binds HSPG and sialic acid, which might serve as 

attachment factors and this binding is predicted to occur via the N-terminal domain 

(NTD) (83, 88–91). Processing of the SARS-COV-2 Spike into the S1- and S2-subunit 

occurs at the S1/S2-site, which contains a mutlibasic cleavage site and is mediated by 

the host cellular protease furin as well as related enzymes (79, 81, 92). Interestingly, 

a multibasic cleavage motif at the S1/S2-site is also found in the Spike proteins of 

MERS-CoV (93) and human OC43 (79), but not SARS-CoV (94) or RaTG13 (14). The 

SARS-CoV-2 S1/S2-site was shown to be important for entry into Calu-3 lung cells 

(79), but not for entry into Vero or 293T-ACE2 cells (95). Although deletion variants of 

the multibasic cleavage motif at the S1/S2-site were isolated in vitro and in vivo (96, 

97), it was demonstrated that the cleavage at the S1/S2-site is essential for 

transmission (95, 98). While the RBD containing S1-subunit mediates the initial binding 

and attachment to the host cell, the S2-subunit contains the proposed proteolytic 

priming site (S2’-site), which was identified in SARS-CoV and MERS-CoV (93, 94, 99), 

the fusion peptide (FP) as well as the heptad repeat regions 1 and 2 (HR1, HR2), 

responsible for membrane fusion (see chapter 2.4.1; Figure 2A; (18, 100)). SARS-

CoV-2 can directly fuse near or at the plasma membrane and this fusion depends on 

members of the TMPRSS-family, in particular TMPRSS2 (18, 101–103). When 

TMPRSS2 is not present or low abundant, the SARS-CoV-2 particles are internalized, 

in case of 293T-ACE2 cells (104) via clathrin-mediated endocytosis and activation 

occurs via endosomal cathepsins (see Figure 2B; (18)). Following fusion at the cell-

membrane or endosomal membranes the viral genome is released into the cell and 

the viral replication cycle progresses as described in chapter 2.2. 
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Figure 2: SARS-CoV-2 Spike protein structure and particle entry. A Schematic representation of the 
SARS-CoV-2 Spike (not exactly drawn to scale). After cleavage at the multibasic cleavage motif (RRAR) 
at the S1/S2-site, the Spike is separated into the S1- and S2-subunit. The S1-subunit contains the N-
terminal domain (NTD) and the receptor binding domain (RBD). The S2-subunit contains the fusion 
peptide (FP), the heptad repeats 1 and 2 (HR1, HR2), the transmembrane domain (TM) and the 
proposed proteolytic priming site (S2‘)(18, 100). B Schematic representation of the SARS-CoV-2 particle 
entry adapted from Murgolo et al. (105). After receptor binding, the SARS-CoV-2 particle can either 
directly fuse at the plasma membrane, if TMPRSS2 or related proteases are present, or it is internalized 
via endocytosis. Fusion of endocytosed particles takes place in cathepsin containing endolysosomal 
compartments (105). 

 

2.3.2 KSHV entry  
 

KSHV expresses several glycoproteins (g) that have a variety of functions, but mainly 

interact with attachment factors or entry receptors. While the glycoproteins gH, gL, gB, 

gM and gN are conserved among herpesviruses, ORF4, K8.1, K1, K14, and K15 are 

KSHV-specific glycoproteins (106, 107). However, only ORF4, gB, gH/gL, gM/gN, and 

K8.1 were demonstrated to be incorporated into the lipid bilayer of virions (107, 108). 

Attachment to ubiquitous cell surface HSPGs is mainly mediated by gH, gB, and K8.1 

(109–111). This together with the fact that KSHV binds multiple entry receptors results 

in a broad cell tropism and redundancy of receptors. Inhibition or knockout/knockdown 

of a single entry receptor drastically reduces, but often not completely prevents 
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infection (112–115). The KSHV tropism includes human endothelial cells, epithelial 

cells, keratinocytes, B cells, macrophages, dendritic cells, T-cells, fibroblast cells and 

a variety of animal cells (113, 116, 117). Entry into cells of epithelial and endothelial 

origin was shown to be mediated by members of the ephrin receptor family, mainly 

EphA2, although other Eph-members were reported but with lower efficiency (113, 

118, 119). The Eph interaction is mainly mediated by the glycoprotein complex gH/gL 

(112, 114, 118). Additional receptors like integrins were also demonstrated to be 

involved in KSHV-mediated downstream signaling as well as entry into epithelial, 

endothelial and fibroblast cells (111, 114, 119, 120). However, the exact nature of the 

integrin binding is still debated; While αVβ3, αVβ5 and α3β1 (121, 122) were initially 

shown to be important for the cell entry, recent results imply that successful KSHV 

infection of some cells might be independent of members of the αV- and β1-family of 

integrins and mainly depends on EphA2 and HSPG expression (119). Furthermore, it 

was demonstrated that KSHV utilizes DC-SIGN to enter human myeloid dendritic cells, 

macrophages, and activated B cells (123–125). The most interesting point is that the 

proposed site of KSHV latency, the B cells, are only partially susceptible to free virus 

infection (116, 126). Entry into the B cell line MC116 and into tonsillar B cells depend 

on K8.1 and a yet unknown receptor (117). Another B cell line, BJAB, was shown to 

be entered in a EphA7-depended manner via cell-to-cell spread (115). Like other 

enveloped viruses, KSHV virions have to fuse with the lipid bilayer of the host 

membrane. Although some herpesviruses can fuse directly at the plasma membrane, 

KSHV enters most studied cell types via different modes of endocytosis (113, 127, 

128). Using inhibitors of macropinocytosis and colocalization studies with the 

macropinocytosis marker dextran it was demonstrated that macropinocytosis is the 

main entry route of KSHV into the endothelial cell lines HMVEC-d and HUVEC (127). 

HFF are predominantly entered via clathrin-mediated endocytosis and 293T via an yet 

unidentified pH-dependent endocytosis pathway (128, 129). Following internalization, 

KSHV utilizes the gH/gL and gB complex, which represents the herpesvirus core fusion 

machinery, to promote fusion of the viral and host membrane (130–132). 

Subsequently, the viral capsid is released into the cytosol and is transported to the 

nucleus along the microtubular cytoskeleton. Following capsid disassembly, the viral 

genome is released into the nucleus.  
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2.4 Viral membrane fusion 
 

A key process in the entry of enveloped viruses is the virus-host membrane fusion, 

which ultimately leads to the release of the viral content into the host cell. Although the 

process of membrane fusion is, in principle, thermodynamically favored, it is prevented 

by short distance repulsive forces and sterical hindrance caused by membrane 

proteins. This limits the distance in which two membranes can come in contact without 

external energy to approx. 20 nm (133). The additional energy is provided by the viral 

fusion protein, which is a viral surface protein that catalyzes the viral-host membrane 

fusion process. While viral fusion proteins are often not well conserved on the genomic 

or amino-acid level, they share a surprisingly homologous tertiary structure, which hints 

towards a common ancestor or convergent evolution (134).  

Most viral fusion proteins studied this far can be grouped into three distinct classes of 

fusion proteins based on structural differences of the pre- and post-fusion complexes: 

Class I fusion proteins are present as homotrimers and are characterized by a central 

bundle of six alpha-helices (6HB), which is formed by a trimer of α-helical N-terminal 

coiled coils and three C-terminal helices (135). An interesting feature of class I fusion 

proteins is that their fusion activity can be triggered by various mechanisms. While 

binding of the HIV envelope (Env) protein to the receptor is sufficient to trigger fusion 

(136), the IAV hemagglutinin (HA) has to be activated by protonation at low pH (137) 

and the CoV Spike by proteolytic cleavage following receptor binding (18, 93, 94). 

Class II fusion proteins share a common dimeric β-sheet structure where the fusion 

loops are found at the tips of those β-strands. In contrast to class I fusion proteins, all 

class II fusion proteins identified, are solely activated in a pH-dependent manner (135, 

138). The class III fusion proteins, share architecture and activation principles of the 

two other classes. They are trimers and contain a central α-helical coiled-coils, similar 

to class I fusion proteins, however, the β-strand structure of the fusion loops resembles 

more that of class II fusion proteins (139).  

Although there are differences in structure and activation of the distinct classes of 

fusion proteins, the overall catalytic principle of the membrane fusion is highly 

comparable between different viruses and progresses through several steps, which 

are mediated via the various domains of the viral fusion protein (Figure 3):  

After the attachment and/or receptor binding, which brings the viral and host membrane 

into proximity, the activated fusion protein changes into an extended position and 

bridges the two membranes. This first step is mediated by the two membrane-
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interacting elements, the viral membrane-anchored C-terminal transmembrane anchor 

and a hydrophobic domain that is inserted into the target membrane. This structure is 

often referred to as the pre-hairpin or extended intermediate and represents a 

homotrimer in all viral fusion proteins studied this far. In second step, the pre-hairpin 

intermediate undergoes intramolecular structural rearrangements which draws the 

fusion peptide-anchored target membrane, and the transmembrane-anchored viral 

membrane together and thus overcomes the repulsive energy. This results in the third 

step, the formation of a hemifusion intermediate, where the opposed proximal leaflets 

of the two membranes merge. Progression through hemifusion then results in the 

opening of the fusion pore (step 4) and release of the viral content into the host cell 

(133, 134, 138).  

 

 

Figure 3: Viral membrane fusion adapted from Harrison et al. (134). 0 In the pre-fusion complex, the 
fusion protein is buried in the viral membrane. 1 Upon external trigger, the fusion protein trimer 
elongates, and the hydrophobic domain insert into the host membrane. 2 The following structural 
rearrangement of the viral fusion protein provides the energy to reduce the distance between the host 
and the viral membrane. 3 Catalyzed by the viral fusion proteins the opposing leaflets fuse and form the 
hemifusion intermediate. 4 In the final step the hemifusion intermediate progresses to the fusion pore 
opening (133, 134, 138).  

 

2.4.1 SARS-CoV-2 Spike-mediated fusion 
 

The Spike protein is highly conserved among coronaviruses and shares a common 

structure and function. At amino acid level the Spike proteins of SARS-CoV-2 and 

SARS-CoV share about 76% identity (140). The SARS-CoV-2 Spike is a class I fusion 

protein and comprises two subunits, S1 and S2. The S1-subunit harbors the ACE2 

binding RBD (18, 83), while the S2-subunit is the actual fusion protein and contains 

the upstream helices (UH), FP, central helix (CH), subdomain 3 (SD3), a linker domain 

(L), the HR1 and HR2, which form the fusion core region (6HB) as well as the viral-

membrane anchored transmembrane domain (TM) (Figure 4A; (141)). On the virion 

surface, the Spike trimers exist in a closed conformation in which the membrane fusion 
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components of the S2-subunits are shielded by the RBDs of the anticlockwise 

neighboring S1-subunits (142). The RBD undergoes conformational changes that 

results in either accessibility or inaccessibility of ACE2 and represents open and closed 

conformation of the Spike (Figure 4B; (85, 142–144)). Priming or pre-processing at the 

S1/S2-site recognition motif is thought to enhance the accessibility (open 

conformation) of the RBD and thus facilitate ACE2-binding (14, 142). In crystal 

structure studies, asymmetrical trimers in which only one RBD was in an open position 

were frequently observed (85, 142–144). The following model of SARS-CoV-2 Spike 

membrane fusion was first described by Fan et al. and was modified after Benton et 

al. (Figure 4; (141, 142)):  

Successive binding of ACE2 by the Spike RBD can finally result in an unstable three-

RBD open conformation, in which the Spike is able to bind up to three ACE2 molecules 

(Figure 4B; (142)). ACE2 binding results in a movement that reduces the contact area 

of the ACE2-bound S1 to each other and the central S2-core, the three S1 of the trimer 

are then arranged as a trimeric ring that is attached only via intermediate subdomains 

(142). In this unshielded conformation, the proteolytic priming sites in the S2-subunit 

are exposed and accessible for activation (142). Proteolytic cleavage downstream of 

the FP in S2-subunit, either by members of the TMPRSS-family or cathepsins (18, 

103), results in structural rearrangements and exposure of the FP, which then inserts 

into the host membrane (142). Refolding involves formation of the characteristic 6HB 

by HR1 and HR2 and brings the TM-bound viral membrane as well as the FP-bound 

host membrane in a proximity that allows for successful membrane fusion by 

progression through the steps described in chapter 2.4 (141).  
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Figure 4: Schematic representation of the proposed model of SARS-CoV-2 Spike-mediated membrane 
fusion. A Schematic representation of the domains of the SARS-CoV-2 Spike domains relevant for 
membrane fusion, adapted from Fan et al. (141) (not exactly drawn to scale). Shown are the S1- and 
S2-subunit, which contains the upstream helices (UH), hydrophobic fusion peptide (FP), heptad 
repaeats 1 (HR1), central helix (CH), subdomain 3 (SD3), linker domain (L), heptad repaeats 2 (HR2), 
and transmembrane domain (TM). The recognition site for proteolytic cleavage into S1-and S2-subunits 
(S1/S2-site) and the proteolytic priming site (S2’) are indicated by arrows. B Model of the SARS-CoV-2 
Spike-mediated membrane fusion adapted from Fan et al. (141) and modified after Benton et al. (142). 
The first picture (starting left) shows a schematic of the the pre-fusion structure of the SARS-CoV-2 
Spike with one of the receptor binding domains (RBDs) in the S1-subunit in an open position. The RBD 
of the opended S1-subunit binds to the receptor ACE2, which results in subsequent formation of a three 
S1-subunit open formation and up to three bound ACE2 proteins. Binding of ACE2 results in release of 
the S1-subunit and unshielding of the S2’ proteolytic priming site in the S2-subunit. Following proteolytic 
activation of the S2-subunit, the FP inserts into the host membrane and forms the theoretical pre-hairpin 
structure that bridges the viral and host membrane. Movement of the HR2 towards the HR1 results in 
the formation of the  post-fusion structure of SARS-CoV-2 Spike with the 6 helix bundle (6HB) and fusion 
of the viral and host membrane (141, 142).  

 

2.4.2 gB the herpesvirus fusion protein 
 

While the membrane fusion process of SARS-CoV-2 involves one viral surface 

glycoprotein, which serves both as attachment factor and fusion executor, the fusion 

process of herpesviruses is far more complex. The essential fusion machinery of all 

studied herpesviruses is formed by a heterotrimeric complex of the viral surface 

glycoproteins gH and gL together with gB (130–132), but in case of several 
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herpesviruses at least one additional glycoprotein is required for attachment and 

receptor binding (145). gB is structurally conserved among all herpesviruses and is the 

actual fusion protein. Its structure is highly similar to the VSV glycoprotein (G) and is 

thus designated as a type III fusion protein (139). Post-fusion crystal structures of HSV-

1 (146), pseudorabies virus (147), human cytomegalovirus (HCMV) (148) and EBV 

(149) gB, as well as the recently published prefusion structures of HSV-1 (150) and 

HCMV (151) gB, together with the well characterized fusion process mediated by VSV-

G, give insights into the domain structure and distinct steps of the herpesvirus 

membrane fusion. gB harbours a trimeric pedestal, which is formed by the membrane 

proximal region (MPR), the transmembrane domain (TM) and the cytoplasmic tail 

domain (CTD). The gB ectodomain is further divided into domains I-V (DI-DV) (Figure 

5A; (150–152)). Activation of gB is thought to occur following the wedge and clamp 

model. In this model, the CTD serves as a clamp that stabilizes the pre-fusion 

conformation of the gB ectodomain (153). Although the exact function of the gH/gL-

complex in this process is not completely understood and might vary in different 

herpesviruses, it is proposed that gH/gL either stabilize the pre-fusion complex or that 

the CTD of gH transmits a signal that releases the clamp on gB and allows activation 

(153). In HSV-1 fusion, this signal is hypothesized to involve and depend on the 

interaction of gD with the cell surface receptor and ultimately with gH/gL as well as gB 

(152). However, in case of KSHV and RRV, where the gH/gL-complex already 

mediates the interaction with the cell surface receptor, the complex of gH/gL with gB 

is enough to execute fusion (130–132). The actual steps of the proposed gB membrane 

fusion model are very similar to VSV-G and all other viral fusion proteins as described 

in chapter 2.4. To progress from the pre-fusion to the post-fusion complex, gB 

undergoes large structural rearrangements. The following model of gB fusion was 

described by Liu et al. for HCMV gB (Figure 5B; (151)): Following receptor binding 

induced release of the CTD-clamp, the fusion process is initiated when the interaction 

of the fusion loop with the MPR breaks (151). This leads to a rearrangement where DI 

and DII rotate to nearly 180° and allow that the fusion loops are inserted into the host 

membrane (pre-hairpin intermediate) (151). Refolding induced extension of DV 

towards the fusion loops, which results in formation of the 6HB, brings the TM-bound 

viral membrane and the fusion loop-bound host membrane into close proximity, 

resulting in hemifusion, fusion pore opening (150–152, 154).  
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Figure 5: Schematic representation of the proposed model of herpesviral gB-mediated fusion. A 
Schematic representation of the domains of the HCMV gB domains relevant for membrane fusion 
adapted from Liu et al. (151) (not exactly drawn to scale). The HCMV gB contains the Domain I (DI), 
Domain II (DII), Domain III (DIII), Domain IV (DIV), Domain V (DV), the membrane proximal region 
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(MPR), the transmembrane domain (TM) the fusion loops and the C-terminal domain (CTD). B Space 
filling models of the HCMV gB crystall structures of the pre-fusion (left) and the post-fusion (right) trimers, 
adapted from Liu et al. (151). C Rigid body fit of the monomers of the HSV-1 gB pre-fusion (left) and the 
post-fusion (right) crystall structures adapted from Vollmer et al. (150), colering diverges from A and B. 
D Schematic representation of the model of HCMV gB mediated fusion adapted from Liu et al. (151). 
The first picture (starting left) shows a schematic of the HCMV gB pre-fusion complex, where the fusion 
loops are burried in the MPR. Upon signal from the CTD, the interaction of the fusion loops with the 
MPR breaks. The following rearrangement results in rotation of the DI and DII to nearly 180° and allows 
insertion of the fusion loops into the host membrane and formation of the hypothetical pre-hairpin 
intermediat. Refolding of the DV towards the host membrane inserted fusion loops results in the post-
fusion gB structure, formation of a 6 helix bundel (6HB) and subsequent fusion of the viral and host 
membrane (150, 151). 

 
 

2.5 Strategies to prevent viral entry and membrane fusion 
 

2.5.1 Inhibitors of viral membrane fusion 
 

Advances in crystal structure analysis and better understanding of the viral fusion 

process resulted in the development of several viral fusion inhibitors. Most of the fusion 

inhibitors developed in recent years aimed to target the fusion core of the viral fusion 

trimer. In case of several class I fusion proteins, peptides derived from either the HR1 

or the HR2 were developed (155, 156). These analogs interact with the counterpart 

HR and thus prevent the formation of the central 6HB. Cp32M (157), Sifuvirtide (158), 

and T2635 (159) are based on the HR1 of HIV gp41 and inhibit the membrane fusion 

of wild type (wt) and HIV variants. Similarly, peptide mimics of the HR2 regions of 

several paramyxoviruses like Newcastle disease virus, respiratory syncytial virus 

(RSV) were developed (160, 161). Due to the conserved nature of the S2-subunit of 

coronaviruses, the peptide EK1 derived from the HR1 of human CoVs spike was shown 

to effectively inhibit Spike-mediated membrane fusion of SARS-CoV, MERS-CoV and 

SARS-CoV-2 (162, 163). Aside from HR-peptide mimics, there are several small 

molecule inhibitors. An example are indole-based chemicals, which bind into the 

hydrophobic pocket inside the trimer core and also prevent formation of the 6HB (164). 

A very interesting class of broadly antiviral fusion inhibitors was identified to modify the 

biophysical properties of membranes making them less fusiogenic. Both, amphiphilic 

thiazolidine derivatives (165, 166) and rigid amphipathic fusion inhibitors (167, 168) 

are light activated molecules, which modify the membrane phospholipids (169). The 

resulting increase in positive curvature and reduced fluidity of membranes elevate the 

energy levels required for membrane fusion (170, 171). While all of these inhibition 

modes target the physical process of membrane fusion, especially class I fusion 
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proteins harbors the potential of an additional target step, the activation (see chapters 

2.3.1 and 2.4.1). As several class I fusion proteins require at least one proteolytic 

activation step for transition into their fusion-active form, protease inhibitors harbor 

great potential as antiviral drugs. In case of SARS-CoV-2, several inhibitors against 

the main activating protease TMPRSS2, but also other proteases are currently tested 

in ongoing clinical trials.  

 

2.5.2 IFITMs– Host viral entry inhibitors 
 

While great effort was put into identification of inhibitors of viral entry, nature has 

already developed efficient broadly acting entry inhibitors, the Interferon (IFN)-

inducible transmembrane proteins (IFITMs). IFITMs are small helical membrane 

proteins, which are highly conserved among all vertebrate species (172, 173). The 

antiviral activity of IFITM3 was identified in an siRNA screen for IAV restriction factors 

(174). In this study IFITM1, IFITM2 and IFITM3 were identified to potently inhibit the 

entry of viral particles that were decorated with the viral surface proteins of IAV, West 

Nile virus (WNV) and Dengue virus (DENV), so called pseudoparticles (174). In the 

following years a growing list of viruses, now including several flaviviruses, filoviruses, 

bunyaviruses, and coronaviruses, were shown to be restricted by members of the 

IFITM-family (174–179). In addition to the IFN-inducible IFITM1, IFITM2 and IFITM3, 

the IFITM-cluster on chromosome 11 in the human genome also contains the non- IFN 

inducible, non-immune related IFITM5 and IFITM10 (178, 180). IFITMs localize to 

different cellular compartments. Although the localization of IFITMs likely also depends 

on the cell type and on expression levels, IFITM1 displays mainly plasma membrane 

localization, while IFITM2 and IFITM3 are predominantly found in the endolysosomal 

pathway (181–183). A YxxΦ -motif found in the N-terminal domain of IFITM2 and 

IFITM3 was demonstrated to be responsible for the correct subcellular location (Figure 

6A). Disruption of this motif localized IFITM3 to the plasma membrane and rendered it 

less functional (184). Similarly, exchange of residues 43-48 to alanine delocalized 

IFITM3 from late endosomes to the cell periphery. This reduced the antiviral effect to 

IAV but not to DENV (185). Analogous, delocalization of IFITM1 from the plasma to 

the cell interior by mutation of the conserved intracellular loop (CIL)-domain (Figure 

6A), reduced the IFITM1-mediated antiviral activity against IAV, mumps and measles 

virus (183). While it is clear that IFITMs interfere with viral entry, the exact mechanism 
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of the IFITM-mediated restriction is unclear. After the initial discovery of IFITMs a 

variety of potential mechanism were proposed (Figure 6B; (178, 186)):  

One mechanism suggests that IFITMs modify the biophysical properties of membranes 

and make them less fusogenic. This model of IFITM function is based on the 

observation, that IFITMs are capable to restrict viral fusion protein-mediated cell-cell 

fusion (187–189) and on experiments showing that IFITMs reduce the membrane 

curvature and increases the lipid order of membranes, which likely prevents fusion 

pore opening (187, 190, 191). Other mechanisms involve interaction with additional 

proteins like the metalloprotease ZMPSTE24. Although the exact mechanism of the 

interplay between ZMPSTE24 and IFITM3 is unclear, the authors claim, that 

ZMPSTE24 is a IFITM3 downstream effector and necessary for the antiviral activity of 

IFITM3. Indeed, knockout of ZMPSTE24 in A549 cells abrogates antiviral activity of 

IFITM3 and the IFITM3 antiviral activity was restored upon ectopic expression of 

ZMPSTE24 (192). However, this model was not studied in detail and awaits further 

investigation. The third mechanism claims that IFITM3 affects endosomal acidification 

and is based on the observation that a majority of IFITM-restricted viruses enter the 

cell in a endosomal pH-dependent manner (174, 176, 193–195). This mechanism is 

also supported by the finding that IFITM3 influences the trafficking of the vacuolar 

ATPase (196). Lastly, IFITM3 was also demonstrated to interact with Vesicle-

membrane-protein-associated protein (VAPA) and influence the cholesterol content of 

the endosomes, which was shown to affect the membrane fusion process (197, 198). 

However, an involvement of VAPA and cholesterol in the antiviral activity of IFITMs 

was challenged in other studies (190, 199). Whether one mechanism alone explains 

the broad IFITM-mediated restriction of viral entry, or all mechanism are utilized at a 

time remains enigmatic. However, advances in live cell imaging and single viral particle 

tracking underlined the importance of the IFITM localization. Viral particles of the highly 

restricted IAV were demonstrated to colocalize with IFITM3-positive compartments, 

while the pseudoparticles of the unrestricted Lassa virus (LASV) did not (200–202). In 

recent years a large number of viruses was identified to be restricted by one or several 

IFITMs. However, the majority of restricted viruses identified so far are mainly RNA 

viruses. Although most viruses tested so far are restricted, there are some viruses that 

seem to be resistant against the IFITM-mediated restriction. Especially in the group of 

DNA viruses, several viruses were identified to be resistant against IFITMs.  
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Figure 6: IFITM domain structure and proposed models for IFITM function. A Alignment (performed with 
Benchling Biology Software, 2021 (203)) of IFITM1, IFITM2 and IFITM3 with proposed domains adapted 
from Spence et al. (200) and Sun et al.(204). The N-terminal domain (NTD), the amphipathic helix (AH), 
the hydrophobic domain (HD), the conserved intracellular loop (CIL), the transmembrane domain (TM) 
and C-terminal domain (CTD) as well as the IFITM2/3 endocytic sorting motif (YxxΦ) are indicated (200, 
204). B Models of IFITM function adapted from Shi et al. (186). 1 The proposed membrane topology of 
IFITMs with the amphipathic helix (AH) and the transmembrane domain (TM, pale purple). 2 Model in 
which IFITMs modifies the membrane curvature and the lipid order as well as the rigidity of membranes. 
3 Model of functional interaction of IFITM3 with the metalloprotease ZMPSTE24. 4 Modification of 
endosomal pH by association of IFITM3 with the vacuolar ATPase. 5 Modification of cholesterol content 
of membranes by IFITM3 (186). 
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2.6 Thesis aim 
 
The development of therapeutics against viruses comes with the caveat that viruses 

often utilize host cellular components and processes for their own propagation. This 

hampers the effort to identify drugs without undesired side effects. Several drugs that 

were developed in recent years often target viral polymerases. However, targeting 

steps late in the viral replication cycle often does not reduce virus induced cell 

damages. Inhibition of the earliest step in the viral replication cycle, the entry or even 

more precise, the membrane fusion, would prevent any viral induced damage and 

therefore holds great potential for potent drugs. In recent years, several specific but 

also broadly acting viral fusion inhibitors were identified. A key to the development of 

effective fusion inhibitors lies in the understanding of viral fusion processes.  

 

Therefore, the first aim of this study was to gain a better understanding of the entry 

and fusion process of the zoonotic virus SARS-CoV-2 and identify, using this 

knowledge, new therapeutic treatment options. While the entry process of SARS-CoV-

2 holds potential for therapeutical intervention, the high degree of redundancy as well 

as the complexity of the KSHV entry and herpesvirus membrane fusion, impedes 

development of new therapeutics. Where science struggles, nature has already 

developed broadly acting entry inhibitors, the IFITMs. Therefore, a second aim was to 

investigate whether IFITMs can inhibit the gamma-2-herpesviruses KSHV and the 

closely related RRV.  
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3 Publications/Results 
 

 

3.1 Publication 1: SARS-CoV-2 and SARS-CoV Spike-Mediated Cell-
Cell Fusion Differ in Their Requirements for Receptor 
Expression and Proteolytic Activation 

 

Bojan F. Hörnich,a Anna K. Großkopf,a Sarah Schlagowski,a Matthias Tenbusch,b 

Hannah Kleine-Weber,c Frank Neipel,b Christiane Stahl-Hennig,d Alexander S. Hahna 

 

a Nachwuchsgruppe Herpesviren, Abteilung Infektionsbiologie, Deutsches 

Primatenzentrum–Leibniz-Institut für Primatenforschung, Göttingen, Germany 

b Virologisches Institut, Universitätsklinikum Erlangen, Erlangen, Germany 

c Abteilung Infektionsbiologie, Deutsches Primatenzentrum–Leibniz-Institut für 

Primatenforschung, Göttingen, Germany 

d Abteilung Infektionsmodelle, Deutsches Primatenzentrum–Leibniz-Institut für 

Primatenforschung, Göttingen, Germany 

 

Status of Publication: Published in the Journal of Virology. 

 

Contribution: I was responsible for the methodology, formal analysis, data analysis, 

visualization, reviewing/editing and investigation. Investigation was performed for 

experiments that lead to Figure 1 A-B, Figure 1 D-F, Figure 2, Figure 3 A-B, Figure 4, 

Figure 5, Figure 6 A-B, Figure 6 D-E, Figure 7, Figure 8B. For Figure 8 C-D the cells 

were seeded and inhibitor treatment prior to infection was performed.  
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3.2 Publication 2: Interferon-Induced Transmembrane Proteins 
Inhibit Infection by the Kaposi’s Sarcoma-Associated 
Herpesvirus and the Related Rhesus Monkey Rhadinovirus in a 
Cell-Specific Manner. 

 

Bojan F. Hörnicha, Anna K. Großkopfa, Candice J. Dcostaa*, Sarah Schlagowskia, 

Alexander S. Hahna 

 

a Junior Research Group Herpesviruses, German Primate Center – Leibniz-Institute 

for Primate Research, Göttingen, Germany 

*Current address: JMIR Publications, Toronto, Ontario 

 

Status of Publication: Accepted for Publication in mBio. 

 

Contribution: 

I was responsible for the methodology, formal analysis, data analysis, visualization, 

writing of the original draft, reviewing/editing and investigation. Investigation was 

performed for experiments that lead to Figure 1, Figure 2, Figure 3A, Figure 4A, Figure 

4C, Figure 6, Supplemental Figure 1, Supplemental Figure 3 A, B, D (Infection and 

Cytotoxicity of BafilomycinA1, MBCD), Supplemental Figure 5 and repeats for Figure 

3B, Figure 4B, Figure 4D and Supplemental Figure 3 C and D (Infection and 

Cytotoxicity of EIPA). Purification and concentration of the virus stock and initial 

investigation was performed that resulted in experiments for Figure 5 B. Initial 

identification and screening of sgRNAs shown in Figure 2 was also performed.  
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4 Discussion 
 

 

4.1 Proteolytic activation of the SARS-CoV-2 Spike– Implications for 
pathogenesis and clinical intervention strategies. 

 

Zoonotic viruses pose a major threat for humanity by causing severe epidemics and 

pandemics. The zoonotic virus of unknown origin, named SARS-CoV-2 caused an 

ongoing pandemic. In order to develop effective intervention strategies and antivirals, 

a profound knowledge of viral characteristics has to be gained. In the first publication 

(Publication 1), we analyzed the key features of the of SARS-CoV-2 Spike and 

compared them with the related zoonotic virus SARS-CoV Spike. We used cell-cell 

fusion and pseudoparticle experiments. We were able to show that there are 

differences in the receptor requirements and proteolytic activation for cell-cell fusion 

between the SARS-CoV-2 and SARS-CoV Spike. These are, to a certain degree, owed 

to the multibasic cleavage motif acquired by the SARS-CoV-2-Spike at the S1/S2-site. 

Furthermore, we identified the matrix-metalloprotease (MMPs) inhibitor Batimastat to 

reduce the SARS-CoV-2 Spike mediated cell-cell fusion. We were also able to 

establish the exact TMPRSS2 priming site within the SARS-CoV-2 Spike for cell-cell 

and particle fusion. Finally, we could demonstrate activity of the drug Ambroxol against 

SARS-CoV-2 replication. Thereby this publication contributes to a better understanding 

how the key features of the SARS-CoV-2 Spike influence proteolytic activation and 

thus pathogenesis as well as clinical intervention strategies.  

 

4.1.1 The SARS-CoV-2 Spike – Contribution of syncytia formation and matrix-
metalloprotease activation to SARS-CoV-2 pathogenesis  

 

When the new coronavirus SARS-CoV-2 emerged, similarities to SARS-CoV regarding 

the Spike conservation, ACE2 receptor usage and proteolytic activation by TMPRSS2 

were identified on an impressive timescale (18). Although both viruses share 

similarities, there are also important differences. We and others observed that in 

comparison to the SARS-CoV Spike, the SARS-CoV-2 Spike displays enhanced 

syncytia formation (Publication 1; (77, 79)). Syncytia allow viral spread without 

formation of free virus (chapter 2.2) and SARS-CoV-2 Spike mediated syncytia 

formation was shown to induce a cytopathic effect (77). Concerningly, syncytia were 
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not only found in lung biopsies (205) of COVID-19 patients, but might also play a role 

in the risk for cardiac arrythmia during COVID-19, as SARS-CoV-2 Spike induced 

syncytia were also observed in a cardiomyocyte model (206). One of the differences 

between the SARS-CoV and the SARS-CoV-2 Spike is the pre-processing of the 

SARS-CoV-2 Spike by furin and related enzymes, that recognize a multibasic cleavage 

motif at the S1/S2-site (chapter 2.3.1).  

We and others could show that mutation of this multibasic cleavage motif, which is not 

present in the SARS-CoV Spike, reduces the SARS-CoV-2 Spike-mediated formation 

of large multinucleated syncytia (Publication 1, (77, 79)), but not the general cell-cell 

fusion capability of the Spike when ACE2 and TMPRSS2 are present (Publication 1, 

(77)). We observed that the quantitative cell-cell fusion of the SARS-CoV, SARS-CoV-

2-S1/S2-mutant and SARS-CoV-2 wt Spike is similar, when ACE2 and TMPRSS2 are 

present. However, the SARS-CoV and SARS-CoV-2-S1/S2-mutant Spikes displayed 

fusion of only a few cells, whereas the SARS-CoV-2 wt Spike generated large syncytia 

(Publication 1). This is surprising as the overall capability of the Spike to induce cell-

cell fusion and to generate syncytia should be identical. A possible explanation for this 

observation might be given by experiments of Braga et al. (207), which identified 

several inhibitors of components of the host cellular Ca2+-signaling to reduce the 

SARS-CoV-2 Spike-mediated syncytia formation. These experiments showed that 

SARS-CoV-2 Spike expression in human cells induces intracellular Ca2+ oscillation 

and that inhibition or downregulation of the Ca2+-activated chloride channel TMEM16F 

reduced the syncytia formation (207). In addition to the chloride channel activity, 

TMEM16F is also a scramblase that translocates phosphatidylserine (PI) from the 

inner to the outer leafleat of the membrane (208). Increased PI-levels in the outer 

leafleat of the membrane is associated to cell-cell fusion events (209). It is therefore 

possible that the fusion capability of the SARS-CoV-2 Spike is enough to mediate initial 

cell-cell fusion of only a few cells, while the Spike-mediated Ca2+ oscillation and the 

resulting signaling is necessary to induce the formation of large syncytia. In line with 

the observation of reduced syncytia formation, the SARS-CoV Spike does also not 

induce Ca2+ oscillation similar to the SARS-CoV-2 Spike (207). Due to the absence of 

the multibasic cleavage motif in the SARS-CoV Spike and the fact that the S1/S2-site 

mutated SARS-CoV-2 Spike shows reduced syncytia formation, it is plausible to 

assume that the multibasic cleavage motif might be required for, or at least involved 

in, the SARS-CoV-2 Spike-mediated Ca2+ oscillation.  
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Besides the difference in the ability to generate syncytia, we observed differences in 

the receptor dependency and proteolytic activation of cell-cell fusion between the 

SARS-CoV-2 and SARS-CoV Spike. We observed that effective SARS-CoV-2 Spike 

mediated cell-cell fusion was only dependent on ACE2, while TMPRSS2 was 

dispensable. In contrast, SARS-CoV Spike mediated cell-cell fusion, mainly depended 

on TMPRSS2 and less on ACE2 (Publication 1). As proteolytic priming of the 

coronavirus Spike is a prerequisite for fusion activation (chapter 2.3.1 and 2.4.1) and 

the TMPRSS2 inhibitor Camostat was unable to reduce the cell-cell fusion activity 

(Publication 1), this suggests that cell-cell fusion activation of the SARS-CoV-2 Spike 

can occur by additional proteases. We therefore tested several protease inhibitors and 

identified the MMP-inhibitor Batimastat to effectively inhibit the SARS-CoV-2 Spike-

mediated cell-cell fusion when only ACE2 is expressed. Similarly, Nguyen et al. 

identified the MMP-inhibitors Illomastat and Marimastat as inhibitors of SARS-CoV-2 

Spike-mediated cell-cell fusion (77). It thus seems that Batimastat-sensitive MMPs are 

capable to activate the SARS-CoV-2 Spike for cell-cell fusion, when ACE2 is present 

and TMPRSS2 is absent. A similar MMP activation of the SARS-CoV Spike mediated 

cell-cell fusion was not seen, indicating that there is a difference in the activation 

potential of the SARS-CoV and the SARS-CoV-2 Spike. Interestingly, mutation of the 

multibasic cleavage motif at the S1/S2-site reduced the TMPRSS2-independent 

activation, suggesting that the multibasic cleavage motif might be also relevant for 

ACE2-dependent MMP-activation of the SARS-CoV-2 Spike.  

This raises the question why pre-processing of the S1/S2-site might be necessary for 

MMP activation. It was demonstrated that pre-cleavage at the S1/S2-site increases the 

binding of the Spike to ACE2 (14, 142). Structural comparison of SARS-CoV-2 wt and 

S1/S2-mutant Spikes revealed that in pre-cleaved Spikes, the RBD favors the open 

conformation and thereby accessibility for ACE2 binding (142). It thus seems plausible 

to assume that the easier accessibility to ACE2 by pre-cleavage at the S1/S2-site might 

allow a broader range of proteases to activate the SARS-CoV-2 Spike for cell-cell 

fusion. Although MMPs activate the SARS-CoV-2 Spike for cell-cell fusion, we were 

unable to observe an inhibitory effect of Batimastat on the entry of particles 

pseudotyped with the wt and S1/S2-mutated SARS-CoV-2 Spike into 293T-

ACE2/TMPRSS2 cells as well as live virus replication in Calu-3 cells. However, it was 

shown that the MMP-inhibitors Prinomastat and Marimastat effectively inhibited the 

spread of SARS-CoV-2 in A549-ACE2 cells (210), which suggests that spread of live 
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virus in cells devoid of TMPRSS2 expression might be still partially mediated by MMPs. 

This observation is especially concerning, as MMP-1 and MMP-9 plasma levels were 

elevated in hospitalized COVID-19 patients and this elevation correlated with 

hospitalization and in case of MMP-9 with reduced 30-day survival rate after intensive 

care unit admission (211, 212). MMP expression is also upregulated in response to 

pro-inflammatory cytokines, which are also released upon SARS-CoV-2 infection, and 

MMP activity is associated to tissue damage in respiratory diseases (213, 214). 

Together with the potential MMP activation of cell-cell fusion and the S1/S2-site pre-

cleavage mediated syncytia formation, this has the potential to result in a malicious 

feedback loop that might contribute to the SARS-CoV-2 pathogenesis and clinical 

outcome of COVID-19.  

 

4.1.2 Proteolytic fusion activation of the SARS-CoV-2 Spike has critical 
implications for clinical intervention 

 

Although the multibasic cleavage motif at the S1/S2 subunit boarder and the activation 

by MMPs is a clear difference between SARS-CoV-2 and SARS-CoV, the most critical 

step of proteolytic priming in the S2-subunit for fusion of viral and host membrane 

remains the same. Due to the high conservation of the S2-subunit among 

coronaviruses and the fact that the SARS-CoV as well as the MERS-CoV Spike are 

activated by the protease TMPRSS2 (215, 78), the SARS-CoV-2 Spike was soon also 

identified to be activated in a TMPRSS2-dependent manner (18).  

The SARS-CoV and MERS-CoV Spikes were demonstrated to be activated at the S2’-

site present in the S2-subunit immediately upstream of the fusion peptide (93, 94, 99). 

This KR-motif is also present in SARS-CoV-2. As proteolytic activation is the key step 

in the entry and fusion of SARS-CoV-2, we mutated this motif and were able to show 

that this site is critical for TMPRSS2-mediated activation for cell-cell fusion and particle 

entry (Publication 1). Similar mutations were already introduced into the Spike of 

SARS-CoV. However, these mutated Spikes displayed reduced cell surface 

expression and incorporation into pseudoparticles (94, 216), which hampered the 

efforts to effectively study the influence of this mutations on the TMPRSS2-mediated 

activation of the SARS-CoV Spike. The observed reduction in cell-surface expression 

and pseudoparticle incorporation was likely based on reduced stability of the S2’ 

mutated Spike, as it was possible to increase the incorporation by growing the producer 

cells at 32°C (94). Nguyen et al. reported that mutation of the SARS-CoV-2 S2’-site, 
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which displayed, in addition to reduction of TMPRSS-mediated activation, reduced 

cleavage at the S1/S2-site (77). The reduction of cleavage into S1- and S2-subunits 

by mutation of the S2’-site would hint towards a more complicated activation process 

in which the activation of the S2’site would be prerequisite for cleavage at the S1/S2-

site. However, also the cell surface expression and incorporation into pseudoparticles 

of this S2’-site mutant was reduced (77), therefore the observed decrease in cleavage 

at the S1/S2-site is likely result of reduced stability of this mutant, too. After initially 

identifying the SARS-CoV-2 S2’-AA mutant showing lower surface expression, as well, 

we screened several mutants and identified the SARS-CoV-2 S2’-GH mutant 

displaying normal surface expression and particle incorporation. This mutant was still 

pre-processed at the S1/S2-site similar as the wt Spike. Interestingly, although any 

TMPRSS2-mediated activation for cell-cell fusion and particle entry was completely 

abolished, the cell-cell fusion was still inhibited by Batimastat and the particle entry by 

the cathepsin inhibitor E64-d. A similar observation was already made for the SARS-

CoV Spike by Belourzard et al. (94). In their experiments, the SARS-CoV Spike KR-

motif mutant R797N was still affected by NH4Cl treatment, which raises the endosomal 

pH required for cathepsin activation, suggesting that this mutant was also still 

activatable by cathepsins. In agreement with that, computational analysis of the SARS-

CoV-2 Spike revealed several potential cathepsin cleavage sites near but not at the 

S2’-site (217). While this, on one hand demonstrates that the KR-motif in the S2-

subunit is the recognition motif for TMPRSS2-mediated fusion activation, it clearly 

shows on the other hand, that the SARS-CoV-2 Spike can be likely activated 

redundantly by cathepsins and MMPs at sites distinct to that targeted by TMPRRS2.  

 

Both, the TMPRSS2-mediated entry at the cell-surface and the cathepsin-mediated 

endocytic entry are utilized by the virus in cell-culture. Cells with high ACE2 and low 

TMPRSS2 expression are entered primarily in a cathepsin dependent manner, 

whereas cells with TMPRSS2 expression are entered via direct fusion at the plasma 

membrane (18, 95, 218). However, while the TMPRSS2-mediated entry also plays a 

clear role in coronavirus systemic infection (219–221), the in vivo importance of the 

cathepsin pathway is still under debate. For SARS-CoV it was demonstrated that 

Camostat inhibited infection in a mouse model, whereas the cysteine protease inhibitor 

K11777 was without  effect on viral replication (219), indicating that the cathepsins are 

likely not utilized in effective infection of mice. Direct evidence whether the cathepsin 
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pathway is utilized in SARS-CoV-2 infection remain scarce, but there is some indirect 

evidence that would imply involvement of this cathepsin-dependent entry in human 

infection. It was shown that elevated cathepsin B and L plasma-levels of COVID-19 

are related to disease severeness and in the same study it was demonstrated that the 

cathepsin inhibitor E64-d reduced the SARS-CoV-2 pseudoparticle entry in a 

humanized mouse model (222). Whether these results can be translated to humans is 

unclear. However, these results at least raise the possibility that both, the TMPRSS2 

and cathepsin pathways might be both utilized in vivo. Together with cell-cell fusion, 

this might give the virus at least three options to propagate, which would have 

important influence on identification and design of antivirals that try to block the SARS-

CoV-2 Spike-mediated entry.  

 

4.1.3 A potential role of Ambroxol in COVID-19 treatment 
 

Being very effective in cell-culture settings, clinical trials using Camostat and related 

drugs were highly promising (18, 103, 223). However, the recent results of the 

Camostat clinical trial showed no significant improvement of neither disease 

progression nor clinical outcome (224). Similarly, studies using chloroquine and 

hydroxychloroquine, which likely increase the endosomal pH and thus inhibit pH-

depended virus entry (225, 226), were tested in cell-culture with promising results (227, 

228), but remained ineffective in clinical trials (229). These observations possibly have 

several reasons: On one hand, the damages inflicted by SARS-CoV-2 infection are 

often already severe when clinical symptoms arise and are most likely not completely 

counteracted by inhibiting viral replication (20, 21). On the other hand, it was 

demonstrated that Camostat is most effective in Calu-3 cells with high TMPRSS2 

expression levels and where the endosomal pathway is not available (18, 95, 103), 

while it is ineffective in cells which are mainly entered via the endosomal pathway in a 

cathepsin-depended manner (95, 230). Vice versa chloroquine/ hydroxychloroquine 

does not inhibit the entry into cells which can be entered at the cell surface via 

TMPRSS2-mediated activation (226, 230). Although it is still possible that the 

bioavailability and the achievable intracellular concentrations of Camostat and 

chloroquine/hydroxychloroquine are too low, there is also still the possibility that the 

potential redundancy of the two pathways may result in ineffective inhibition by one of 

these drugs alone. The redundancy of viral propagation is increased by an additional 

layer, as MMP-mediated cell-cell fusion might be still possible in the presence of both 
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Camostat and chloroquine/hydroxychloroquine. Therefore, effective COVID-19 

treatment, focusing on entry and fusion, likely must function on multiple layers.  

Initially thought as a well-tolerated and widely distributed alternative to Camostat in 

SARS-CoV-2 inhibition, we tested the over-the-counter-medications Ambroxol and 

Bromhexine. Bromhexine, which was identified to inhibit TMPRSS2 in previous studies 

(231), is a chemically-related metabolic precursor of Ambroxol. Ambroxol was tested 

because it has no severe side effects, it can be administered in high doses, and it 

accumulates in the lung (232–234).  

We could show that Ambroxol and Bromhexine inhibit the SARS-CoV-2 replication in 

Calu-3 cells and in case of Ambroxol, also Spike-mediated cell-cell fusion, in some 

settings (Publication 1). However, when tested in pseudoparticle infection of 293T-

ACE2/TMPRSS2 cells, Bromhexine and Ambroxol remained ineffective. Furthermore, 

neither the effect of Ambroxol or Bromhexine on SARS-CoV-2 infection of Calu-3 cells 

nor the effect of Ambroxol on SARS-CoV-2 mediated cell-cell fusion was robust. The 

missing effect of Ambroxol and Bromhexine on TMPRSS2 activation of the SARS-

CoV-2 Spike for cell-cell fusion we observed, might be explained by redundant 

activation by MMPs. This is also the case for Camostat, which only inhibited the SARS-

CoV-2 Spike mediated cell-cell fusion when used together with Batimastat. However, 

we observed that SARS-CoV-2 Spike-mediated cell-cell fusion was inhibited by 

Ambroxol and Bromhexine when either the S2’-site or the S1/S2-site was mutated and 

only ACE2 and not TMPRSS2 was expressed. As basal levels of TMPRSS2 

expression are low or not present in 293T cells and the S2’-mutant is not activated by 

TMPRSS2, it is unlikely that the observed inhibition of Ambroxol and Bromhexine of 

the S2’-site or the S1/S2-site mutant is related to TMPRSS2. Together with results of 

Shrimp et al., which are questioning the overall inhibitory effect of Ambroxol and 

Bromhexine on TMPRSS2 activity (235), this raises the question about the reason for 

the inhibitory effect we observed. However, results of Olaleye et al. demonstrated that 

Ambroxol inhibits the interaction of the SARS-CoV-2 Spike with ACE2 (236). This 

inhibitory effect of Ambroxol would also be a suitable explanation for our observation 

that the sensitivity of the S2’-site and the S1/S2-site mutants to Ambroxol and 

Bromhexine is dependent on ACE2 and not TMPRSS2 expression. The inhibition of 

the SARS-CoV-2 Spike and ACE2 interaction would also explain the inhibitory effect 

of Ambroxol on SARS-CoV-2 replication observed by Bradfute et al. in Vero cells, 

which are entered in ACE2-dependent manner (237). In addition, the antiviral effect of 
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Ambroxol might be also explained by the observed inhibition of the acid 

sphingomyelinase by Ambroxol in the same cell type (238). In a previous report, the 

same group demonstrated that SARS-CoV-2 infection depends on ceramides, which 

are produced as result of acid sphingomyelinase enzyme activity (239). Although the 

reduction of ACE-binding or acid sphingomyelinase activity might both contribute to 

the reduced SARS-CoV-2 replication we observed in Calu-3 cells, we also observed 

an inhibitory effect of Ambroxol on pseudoparticle entry of VSV-G. Ambroxol was 

already shown to impact endocytosis of rhinovirus by increasing the endosomal pH 

(240) and thus likely also reduce the endosomal-dependent entry of VSV-G and 

potentially SARS-CoV-2. While Ambroxol might thereby influence already a variety of 

points in the viral entry, it was shown to have anti-inflammatory properties and to 

improve the survival of mice infected with IAV (241). Interestingly, Ambroxol was 

shown to reduce the cytokine release in human bronchoalveolar mononuclear cells 

(242) and the mRNA expression levels of MMP-2 in rat lung tissue (243). Furthermore, 

Ambroxol was successfully applied in the treatment of adult respiratory disease (244, 

245), infant respiratory distress syndrome (246) and neonatal respiratory distress 

syndrome (244), which would add an additional layer in COVID-19 treatment. Together 

with the impact on viral replication and the good pharmacological properties (244), this 

would make Ambroxol and attractive candidate for clinical trials together with additional 

protease inhibitors such as Camostat.  

 

 

4.2 Differential antiviral activity of IFITMs towards gamma-2-
herpesviruses– Hints to the IFITM function and viral evasion 
strategies 

 

IFITMs are broadly acting antiviral factors, that restrict the entry of a variety of viruses 

(see chapter 2.5.2). However, neither the exact mode of action nor the mechanism 

how some viruses avoid IFITM restriction have been completely clarified. In this work 

we could show that the entry gamma-2-herpesviruses of KSHV and RRV is, in 

principle, restricted by IFITM proteins. Furthermore, we could show that this restriction 

depends on the cell type. While IFITMs only partially colocalize with viral particles, they 

are able to reduce the fusion protein-mediated cell-cell fusion (Publication 2). Together 

this suggests that IFITMs can restrict the KSHV/RRV glycoprotein-mediated fusion and 

that this restriction is potentially avoided by fusion of the viral particles in IFITM-
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negative compartments. These results give a better understanding of the IFITM 

function and how viruses may evade or counteract the IFITM-mediated restriction. 

 

 

4.2.1 Differential effects of IFITMs on gamma-2-herpesviruses- Implications for 
the IFITM function 

 

We were able to show that IFITM1 restricts KSHV and RRV infection in a cell-

dependent manner, while IFITM2 and IFITM3 were less effective in restricting the entry 

of KSHV and RRV (Publication 2). Given the fact that the function of IFITMs is still not 

completely clarified, this observation might give interesting hints regarding the function 

and interplay of IFITMs. It is a frequent observation that only a single IFITM and in 

several cases only IFITM1, restricts viral entry. Similar to KSHV and RRV, HSV-1, 

mumps virus, RSV, Jaagsiekte sheep retrovirus (JSRV) and Murine leukemia virus 

(MLV)-10A1 are also less affected by IFITM2/3, but highly by IFITM1 (183, 187). Of 

those, HSV-1, mumps virus and RSV have in common that entry into some cell types 

is proposed to occur near or at the plasma membrane (70, 247, 248), where also 

IFITM1 is mainly localized (177, 181, 183).  

This raises the question about the function of IFITM1. While there are many proposed 

functions for IFITM3, IFITM1 is less well studied. IFITM3 was shown to induce negative 

curvature and increase the lipid order as well as the stiffness of the membrane in which 

it resides (187, 191). These modifications are proposed to still allow hemifusion but 

prevent fusion pore opening and thus inhibit fusion of viral and host membranes (187, 

190, 191, 200). IFITM3-activity on the biophysical properties of membranes was 

mapped to its AH (189, 191). Due to the high similarity and the fact that this AH is also 

present in IFITM1 (Figure 6A), it is reasonable to assume that IFITM1 modifies 

membranes in a similar manner as IFITM3. In line with that, we observed inhibition of 

KSHV and RRV glycoprotein-mediated cell-cell fusion activity by IFITM1 and 

enhancement upon IFITM1/2/3 knockout. Similar to our experiments, cell-cell fusion 

activity mediated by the glycoproteins of HIV-1 (249), IAV (187, 189), VSV-G (189), 

JSRV (187) and SARS-CoV-2 (188) was also reduced by IFITMs, in case of SARS-

CoV-2 Spike cell-cell fusion most by IFITM1. The activity of IFITM1 towards cell-cell 

fusion seems plausible, as cell-cell fusion involves fusion of two IFITM1-containing 

plasma membranes, supporting the idea that IFITM1 modifies membranes in a similar 

manner as IFITM3. In line with this notion we observed interchangeability of the IFITM 
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effect in our experiments using IFITM3 localization mutants. Mutation of the IFITM3 

YxxΦ-motif (chapter 2.5.2, Figure 6), which is also the major difference to IFITM1, 

resulted in acquisition of an antiviral effect towards RRV that was similar to IFITM1 

(Publication 2). It is therefore likely that IFITM1, IFITM2 and IFITM3 exert a similar 

effect on membrane fusion, but at different subcellular localizations.  

While these results together would explain how IFITM1 might prevent viral fusion at 

the plasma membrane, it would not explain the restriction of KSHV and RRV, because 

they do not efficiently enter the cells via direct fusion at the plasma membrane. In 

contrast to RRV gB, which allows cell-cell fusion at neutral or medium pH (Publication 

2, (130)) and thus potentially also plasma membrane fusion, KSHV gB apparently does 

not (own observation, (132)). Furthermore, we and others observed that the entry of 

KSHV and RRV is sensitive to an increase of endosomal pH by BafilomycinA1 

(Publication 2, (113)), suggesting that they enter the cells primarily in an endosomal 

pH-dependent manner. It is therefore unlikely that the IFITM1 mediated effect towards 

KSHV and RRV fusion is exerted directly at the plasma membrane. Similarly, JSRV 

and MLV-10A1 also do not enter most of the tested cells at the plasma membrane 

(250, 251), but are still primarily restricted by IFITM1 (187). In addition to the plasma 

membranes, IFITM1 is also found in endosomal vesicles that are distinct from vesicles 

that colocalize with IFITM2 and IFITM3 (181–183). Interestingly, IFITM1 colocalizes 

and interacts with caveolin-1 (252). It is therefore possible that IFITM1 restricts viruses, 

that enter via caveolin-mediated entry. This would correlate with the observation that 

the IFITM1-restricted viruses MLV-10A1 and RSV enter some cell types via caveolin-

mediated entry (250, 253).  

However, RRV and JSRV are not associated to caveolin-mediated entry (113, 254) 

and KSHV as well as RSV enter only a subset of cells in a caveolin-dependent manner 

(124, 127, 253, 255). While this does not rule out that IFITM1 impacts caveolin-

mediated entry, it would not explain restriction of the above-mentioned viruses, that do 

not exclusively utilize this entry pathway. A common observation made for IFITM1-

restricted viruses by us for RRV, KSHV, (Publication 2) and by others for HSV-1, MLV-

10A1, JSRV and RSV, is that they are highly sensitive to cholesterol depletion by 

methyl-beta-cyclodextrin (MBCD) (250, 256–258). Although MBCD influence all 

cholesterol-dependent fusion events, it also disturbs cholesterol-containing lipid rafts, 

which are utilized as signaling and entry platforms by a variety of viruses (259). IFITM1 

was shown also to be associated to lipid rafts as it interacts with caveolin-1 (252), 
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which in turn colocalizes with lipid rafts and cholesterol (252, 260). Indeed, IFITM1 

restricts a variety of viruses that are associated to lipid raft mediated entry (259, 261, 

262), including the above mentioned KSHV, HSV-1, MLV-10A1, JSRV, RSV as well 

as IAV, SARS-CoV, SARS-CoV-2, DENV, EBOV, Marburg virus, WNV and HIV-1 (259, 

261, 262). If IFITM1 affects membranes in which it resides in a similar manner as 

IFITM3, it is possible that IFITM1 influences the fusion of viruses that enter cells from 

lipid rafts or in a cholesterol-dependent manner. IFITM1 thereby might add an 

additional layer of restriction against viruses that enter not via the classical clathrin-

mediated entry pathway, increasing the range of IFITM-mediated restriction. 

 

4.2.2 IFITM evasion of KSHV and RRV 
 

While our experiments in part may explain the effect of IFITM1 towards KSHV and 

RRV, the question is still open why IFITM2 and IFITM3 fail to restrict RRV and IFITM2 

KSHV, although both viruses enter the cells in an endosomal pH-dependent manner 

(Publication 2, (113)). A potential explanation how RRV escapes IFITM2 and IFITM3 

is given by the fact that RRV gB fusion can be triggered at medium acidic to neutral 

pH (Publication 2, (130)). This might allow RRV to fuse early in the endosomal pathway 

and thus avoid IFITM2/IFITM3 containing late endosomes. For KSHV in contrast, we 

observed partial restriction by IFITM3, and this restriction disappears with IFITM3 

delocalization mutants Y20A, ∆1-21 and 43AS, suggesting that the slight antiviral effect 

of IFITM3 towards KSHV might be exerted in endosomes. Together with the results 

showing that KSHV is sensitive to Bafilomycin A1, this implies that a proportion of 

KSHV particles must be localized to IFITM3 containing endosomes. Indeed, we 

observed partial colocalization of KSHV particles with IFITM2/3 in A549 cells and 

HUVEC, implying that KSHV enters IFITM2/3 containing endosomes. Still, KSHV is 

not restricted by IFITM2 and only minor by IFITM3 and knockout of IFITMs remains 

completely without effect in HUVEC. Together this suggests that there is a mechanism 

KSHV employs to avoid IFITM restriction.  

We observed that entry into HUVEC, in contrast to A549 cells, was sensitive to the 

macropinocytosis inhibitor 5-(N-Ethyl-N-isopropyl)amiloride (EIPA). It can be 

speculated that KSHV’s avoidance of IFITMs in HUVEC might be the result of 

macropinocytotic entry. EBOV, IAV and vaccinia virus are known to enter cells via 

macropinocytosis (263–265) and are restricted by IFITMs (262). However, the fact that 

they require pH-dependent activation in late endosomes (263–265), which also contain 
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IFITM2/IFITM3, makes it difficult to make a statement about the IFITM influence on 

macropinocytotic entry. It is therefore not possible to state whether the missing effect 

of IFITMs is caused by macropinocytosis or the fact that KSHV has an additional entry 

pathway available in HUVEC, that is not utilized in A549 cells. In addition to the 

observed difference in the entry pathway of KSHV, we could also show that KSHV 

particles colocalize with IFITM1 at a later timepoint in HUVEC than in A549 cells. The 

importance of colocalization of IFITMs and viral particles was demonstrated in live cell 

imaging experiments by Spence et al., which tracked IAV particles. It was shown that 

IAV particles colocalize with IFITM3-positive endosomes (200, 201) and that these 

particles are trapped in endosomes until they are subjected to degradation in the 

endolysosomal pathway (200, 202). A comparable effect might be exerted by IFITM1 

on KSHV in A549 cells, as we observed similar colocalization of KSHV particles with 

IFITM1 over the course of the experiment. Interestingly, the percentage of 

colocalization of KSHV particles mirrored the percentage of IFITM1 restriction in A549 

cells. In contrast to A549 cells, colocalization of IFITM1 with KSHV particles was 

observed in HUVEC at a later timepoint. Again, the lower percentage of colocalization 

with IFITM1 at this timepoint mirrored the effect of IFITM1 overexpression in these cells 

(Publication 2). Whether the observed later colocalization of KSHV particles in HUVEC 

can be assigned to macropinocytotic entry remains unclear, but it seems possible that 

the sensitivity to EIPA might be related to the difference in the timepoints of 

colocalization of KSHV particles with IFITM1 between A549 cells and HUVEC.  

While we detected increasing colocalization over time for all IFITMs, at least 50% of 

KSHV particles still did not colocalize with IFITM signals. We frequently observed that 

KSHV particles are found in areas of low IFITM signal. Although we cannot provide 

evidence it is still plausible to assume that these particles mediate the actual infection 

of the cell, when considering the proposed IFITM-mediated inhibition on viral and host 

fusion. Beside the tracking of IAV particles Spence et al. (200) and Suddala et al. (201) 

also performed experiments with particles pseudotyped with the LASV glycoprotein. 

LASV is not restricted by IFITMs (174). By tracking the LASV glycoprotein 

pseudoparticles it became obvious that they do not colocalize with IFITM3 to the same 

extend as restricted IAV particles. It is unclear how this is possible as LASV fusion still 

requires low endosomal pH for fusion activation (266, 267). However, LASV utilizes a 

clathrin/caveolin independent pathway for entry (268), but is still sensitive to MBCD 

and BafilomycinA1 (267, 268). Given the fact that the cell-cell fusion activity mediated 
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by the glycoprotein of LASV is restricted by IFITMs (187), when the fusion 

requirements are fulfilled, it can be speculated that this clathrin/caveolin-independent 

entry might allow the IFITM avoidance. Interestingly, LASV entry is also sensitive to 

EIPA (269, 270), but due to insensitivity to inhibitors of actin remodeling, it was 

suggested that LASV utilizes an unconventional mode of macropinocytosis (269). 

Considering the similarities in inhibitor sensitivity and the fact that glycoprotein 

mediated cell-cell fusion of LASV and KSHV are impacted by IFITMs in a similar 

manner (Publication 2, (267–270)), it cannot be excluded that KSHV employs a similar 

strategy as LASV to evade IFITMs. This may also explain why KSHV infection is not 

impacted by IFITMs to the same degree as IAV (Publication 2). KSHV particles that 

enter classical IFITM-restricted endocytosis pathways might be restricted by IFITMs, 

while particles that utilize alternative pathways may escape the restriction, resulting in 

successful infection. This avoidance mechanism might be only fully available in some 

cell types like HUVEC and not in others like A549 cells, which are not entered via an 

EIPA-sensitive pathway. The effect of IFITMs on KSHV infection might be therefore 

dependent on the type or the availability of redundant entry routes, which may in turn 

also explain cell-dependent differences. 

 

4.2.3 Viral adaptation to IFITMs and influence on in vivo importance  
 

The observation that KSHV and RRV might employ an avoidance mechanism that is 

functional in HUVEC but not in A549 cells is interesting, as HUVEC express 

comparably high endogenous IFITM levels, which are only marginally increased after 

IFN-treatment. KSHV is an endotheliotropic virus and endothelial cells might play a 

role in KS development (271, 272). Considering the strong effect of IFITMs on IAV 

infection (174) and the fact that IFITMs seem to be able to inhibit the in vitro cell-cell 

fusion of all fusion proteins tested so far (Publication 2, (187–189, 201, 249)), IFITMs 

likely represent a major membrane fusion barrier for all viruses. Indeed, IAV 

pseudoparticle infection of HUVEC, was not efficiently possible until IFITM1/2/3-

knockout (Publication 2), underlining the potential importance of IFITMs in defense.  

However, not all viruses are restricted by IFITMs and while IFITMs may reduce 

infection they don’t completely prevent infection. Given the fact that IFITMs are highly 

conserved and are found in nearly all vertebrate species (172), it is likely that 

evolutionary adaptation to IFITMs might represent an important process in virus 

evolution. Viruses utilize a variety of mechanism to adapt to IFITMs. Minor mutations 
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in the HIV-1 env already allow avoidance and renders transmitted founder viruses 

resistant against IFITM-mediated restriction (273). It is suggested that plasma 

membrane fusion of SARS-CoV-2 allows avoidance of the IFITM-mediated effect and 

might be one reason for the importance of the SARS-CoV-2 Spike multibasic cleavage 

site (95, 274). Interestingly, SARS-CoV-2 entry into Calu-3 cells was shown to be 

enhanced by IFITM2 (275). Similarly, also infection of the human coronavirus HCoV-

OC43 is enhanced by both, IFITM2 and IFITM3 (276), suggesting that coronaviruses 

not just evolved a mechanism for IFITM avoidance, but a possibility to utilize IFITMs 

for infection. In the group of herpesviruses, HCMV is also not restricted by IFITMs and 

hijacks them for viral particle assembly (277).  

Also, earlier reports of the IFITM effect on KSHV infection demonstrated that KSHV 

infection of BJABs was enhanced upon IFITM1 overexpression (278, 279). Although 

we observed an enhancement of KSHV infection just for IFITM2 in SLKs, the cell 

dependency of the IFITM-mediated effect on KSHV infection makes an enhancement 

of infection in some cell types possible. Whether the enhancing effect of IFITMs on 

KSHV infection is limited to the reported cell types remains unclear. However, while 

KSHV effectively suppresses IFN induction by expressing viral Interferon regulatory 

factors (vIRF) that are homologues to human IRFs (280, 281), we observed that IFITM 

expression is still enhanced upon KSHV infection of A549 cells. It was shown that, 

although KSHV is effectively suppressing the IFN-response, the levels of IFITMs are 

still increased upon KSHV infection (282, 283). It is not further investigated how this is 

achieved, but it is possible that KSHV induces IFITM expression via its viral interleukin-

6 (vIL6). The human and mice IFITM3 are in addition to IFN, also upregulated by IL-6 

in a cell type dependent manner (284, 285). Therfore IFITM upregulation might be, at 

least partially, a result of KSHV vIL-6 expression. It is therefore possible that the 

observed avoidance of IFITMs by KSHV is an evolutionary adaptation because 

downregulation of IFITMs is not achieved or evolutionary disfavored, as IFITMs seem 

to be utilized for entry into some cell types (278, 279).  

From our results we cannot conclude whether KSHV evolved the observed IFITM 

mediated enhancement (278, 279) or avoidance (Publication 2) during course of 

evolution, but it is at least plausible as a similar adaption is also observed for CoVs 

(179, 276) and other herpesviruses (277, 278). Still, the antiviral effect of IFITMs 

against e.g. IAV is of high importance in vivo. Knockout of the IFITM-Cluster in mice 

resulted in an drastic increase of disease progression, mortality and higher systemic 
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viral burden after IAV infection (284). This effect was mainly accounted to IFITM3, as 

ifitm3 deletion did not surpass the effect of the ifitm-cluster knockout. A similar 

observation was made in ifitm3 knockout mice where lethality was greatly enhanced 

upon WNV infection (286). Interestingly, the IFITM3-mediated restriction was mainly 

observed in primary cells and cells of fibroblast origin and less in neuronal tissues 

(286).  

We also observed stronger effects of IFITM-knockout in primary cells upon IAV 

pseudoparticle infection (Publication 2). As these cells displayed as well high levels of 

basal IFITM expression, it is tempting to speculate that IFITMs play a role in 

constitutive defense against viruses and thus function as a major barrier for primary 

infection. Given the importance of IFITMs in cell culture and in vivo models it is not 

surprising that IFITMs might also play a role on a populational level. Single nucleotide 

polymorphisms (SNP) in IFITM3 are frequently found in the human population and 

were shown to result in changes of IFITM expression levels (287, 288), or alternative 

RNA splicing (289). Especially the IFITM3 variant rs12252 is associated with increased 

disease progression or severeness of HIV (290), IAV (289, 291) and SARS-CoV-2 

(292–294) infections. Given the modest effect of IFITMs we observed on KSHV 

infection of many types of cells, it is unlikely that genetic variants may play a major role 

for KSHV. However, the dramatic increase in KSHV infection of A549 cells upon IFITM 

knockout, suggests that IFITMs might play a role in prevention of KSHV infection of 

specific cell types and may therefore contribute to inhibition of the systemic spread of 

KSHV.  
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5 Outlook 
 

Although we were able to gain insights into the differences in proteolytic activation and 

receptor usage of SARS-CoV-2 and SARS-CoV, there are still open questions. While 

the multibasic cleavage site is clearly involved in the syncytia formation of the SARS-

CoV-2 Spike, it is unclear how it facilitates the cell-cell fusion or whether it contributes 

to the Spike mediated Ca2+ signaling. It might be therefore interesting to test whether 

S1/S2-mutants still trigger Ca2+-oscillation. Although syncytia were observed in the 

lungs of COVID-19 patients and they induce cytopathic effects in vitro, the degree of 

contribution to the SARS-CoV-2 pathogenesis is not clear and might be addressed in 

future studies.  

While metalloproteases can activate SARS-CoV-2 for cell-cell fusion and 

metalloprotease inhibitors were shown to reduce the replication of SARS-CoV-2 in 

A549-ACE2 cells, it remains unknown whether MMPs also play a role in vivo. 

Identification of the MMP cleavage site in the SARS-COV-2 Spike might give 

information about the importance of the MMP activation. As several tools for 

manipulation of the SARS-CoV-2 genome are now available, the mutation of the 

TMPRSS2-priming site, which we identified, as well as additional proteolytic priming 

site mutants might be introduced into live virus and tested in mice or ferret models. 

This would allow the investigation of the in vivo importance of activation via different 

protease types for SARS-CoV-2 infection and pathogenesis.  

The observation that fusion of the SARS-CoV Spike can be triggered with no or 

reduced ACE2-levels, at least for cell-cell fusion, might hint towards interesting 

differences in the activation potential and requires further investigation. Especially in 

the light of an unknown number of coronaviruses still present in bats, with high potential 

of zoonotic transmission, it is important to fully understand the Spike fusion 

mechanisms in detail.  

Meanwhile there are several vaccines against SARS-CoV-2 available. However, as 

new mutations with increasing immune escape arise, there is still a demand for 

effective drugs against COVID-19. We observed that SARS-CoV-2 activation and entry 

and cell-cell fusion shows a high degree of redundancy regarding proteolytic activation. 

Although the proteolytic activation is an attractive intervention step, it might not be 

sufficient to inhibit only a single protease-family. Future investigations and clinical 

studies therefore have to focus on either combining several protease inhibitors or on 
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targeting multiple steps in the SARS-CoV-2 replication cycle. We hope that this work 

might convince towards the use of Ambroxol in combination with protease inhibitors in 

upcoming clinical trials. While the inhibitory effect of Ambroxol might be mild, the 

potential to target different steps of the SARS-CoV-2 entry, the pharmacological 

properties and the fact that it is already used in treatment against respiratory diseases, 

makes it a good candidate for clinical trials. 

 

In this work we were also able to increase the list of viruses inhibited by the broad-

spectrum fusion restrictors IFITMs. Although the effect of IFITMs against KSHV and 

RRV was rather mild, the differences in the restriction potential of individual IFITMs 

and the cell-dependency of the IFITM restriction gave interesting insights into the 

overall IFITM function. Our approach of complete IFITMs knockout gave us the chance 

to study IFITM function at basal expression levels, which reduces chance of 

overexpression artifacts and might thereby give future directions in how to study IFITM 

function. This is especially true as we saw a discrepancy between overexpression and 

knockout experiments.  

Furthermore, in future studies IFITMs might be utalized together with endocytic 

inhibitors to block potential redundant entry pathways. It might be also interesting to 

perform live particle tracking experiments with KSHV and RRV particles that identify 

the actual site of viral fusion to see whether these sites correlate with IFITM positive or 

negative compartments. Mutations in the AH of IFITM1 might also show whether the 

effect of IFITM1 on KSHV, RRV and other IFITM1 restricted viruses is similar as 

observed for IFITM3. While it is unlikely that IFITMs can be used as intervention 

against KSHV, our results together with the observation of others that all IFITMs are in 

principle able to restrict viral fusion protein mediated cell-cell fusion and that the activity 

likely depends on IFITM localization might lead to the development of a new generation 

of broad-spectrum fusion inhibitors. As recent results showed that the amphipathic 

helix is sufficient to exhibit the observed IFITM restriction, it might be possible to 

generate small peptide drugs that base on the structure of the IFITM amphipathic helix, 

similar to amphiphilic thiazolidine derivatives (165, 166) and rigid amphipathic fusion 

inhibitors (167, 168). For that, future studies must focus on the question how viruses 

evade the IFITM function, in order to design potential mimics in a way that avoidance 

is counteracted.  
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7.1 List of Figures 
 
Figure 1: Simplified viral replication cycle 
 
Figure 2: SARS-CoV-2 Spike protein structure and particle entry 
 
Figure 3: Viral Membrane fusion 
 
Figure 4: Schematic representation of the proposed model of SARS-CoV-2 Spike-
mediated membrane fusion 
 
Figure 5: Schematic representation of the proposed model of herpesviral gB-
mediated fusion 
 
Figure 6: IFITM domain structure and proposed models for IFITM function 
 
 

7.2 List of Abbreviations 
 

Abbreviation  Abbreviation  

6HB six alpha-helices  L leucine 

A alanine Lassa virus LASV 

ACE2 angiotensin-converting 
enzyme 2 

M methionine 

AH amphipathic helix  MBCD methyl-beta-
cyclodextrin 

approx. approxiamtely MCD multicentric Castleman 
disease 

ATP Adenosine 
triphosphate 

MERS-CoV Middle East 
Respiratory Syndrome 
coronavirus 

C cysteine MLV Murine leukemia virus 

C-terminal  carboxy terminal MMPs matrix-
metalloproteases 

Ca Calcium MPR membrane proximal 
region  

CH central helix  N asparagine 

CIL conserved intracellular 
loop 

N-terminal amino terminus 

COVID-19 coronavirus disease 
2019 

NH4Cl Ammonium Chloride 

CoVs coronaviruses nm nanometer 

CTD cytoplasmic tail 
domain 

NTD N-terminal domain  

D Domain ORF Open reading frame 

D aspartic acid  P proline 
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DC-SIGN  Dendritic Cell-Specific 
Intercellular 
adhesion molecule-3-
Grabbing Nonintegrin 

PEL primary effusion 
lymphoma 

DENV Dengue virus PI phosphatidylserine 

Deoxyribonucleic acid DNA Q glutamine 

E glutamic acid R arginine 

EBOV Ebola virus  RBD receptor binding 
domain 

EBV Epstein-Barr virus Ribonucleic acid RNA 

EIPA 5-(N-Ethyl-N-
isopropyl)amiloride 

RRV rhesus monkey 
rhadinovirus 

EphA2 Ephrin type-A receptor 
2 

RSV respiratory syncytial 
virus 

et al. et alii S Spike 

F phenylalanine S serine 

FP fusion peptide  S1 Subunit 1 

g glycoproteins S2 Subunit 2 

G glycine SARS-CoV severe acute 
respiratory syndrome 
coronavirus 

H histidine SARS-CoV-2 severe acute 
respiratory syndrome 
coronavirus 2 

HA hemagglutinin SD3 subdomain 3  

hACE2 human angiotensin-
converting enzyme 2 

small interfering RNA siRNA 

HCMV Human 
Cytomegalovirus 

T threonine 

HD hydrophobic domain TM transmembrane 
domain 

HFF Human Foreskin 
Fibroblast 

TMEM16F Transmembrane 
protein 16F 

HIV human 
immunodeficiency 
virus 

TMPRSS2 transmembrane 
protease serine 
subtype 2 

HMVEC-d Human dermal 
microvascular 
endothelial cell 

UH upstream helices  

HR1 heptad repeat regions 
1 

USA United States of 
America 

HR2 heptad repeat regions 
2 

V valine 

HSPG heparan sulfate 
proteoglycan 

VAPA Vesicle-membrane-
protein-associated 
protein 

HSV-1 Herpes simplex virus 1 vIL6 viral interleukin-6 

HUVEC Human Umbilical Vein 
Endothelial Cells  

vIRF viral Interferon 
regulatory factors  

I isoleucine W tryptophan 

IAV influenza A virus WNV West Nile Virus  

IFITM1 Interferon-inducible 
transmembrane 
protein 1  

wt wild type 
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IFITM10 Interferon-inducible 
transmembrane 
protein 10 

Y tyrosine 

IFITM2 Interferon-inducible 
transmembrane 
protein 2 

ZMPSTE24 Zinc Metallopeptidase 
STE24 

IFITM3 Interferon-inducible 
transmembrane 
protein 3 

  

IFITM5 Interferon-inducible 
transmembrane 
protein 5 

  

IFITMs Interferon-inducible 
transmembrane 
proteins  

  

IFN Interferon 
  

IL-6 interleukin-6  
  

IRFs Interferon regulatory 
factors 

  

JSRV Jaagsiekte sheep 
retrovirus  

  

K lysine 
  

kb Kilobases 
  

KS Kaposi’s sarcoma 
  

KSHV Kaposi’s sarcoma 
herpesvirus 

  

L linker domain 
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