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V. Summary 

During the past decades, highly pathogenic arthropod-borne viruses 

(arboviruses) have emerged globally, posing a threat to public health. Arboviruses 

not only replicate in their vertebrate hosts but feature a dual life cycle with a switch 

to and from their arthropod vector. This switch is difficult to reproduce 

experimentally, and the link between infectivity and the molecular features acquired 

by arboviruses in arthropod vectors or mammalian hosts remains elusive. Moreover, 

only a few host factors have been functionally described for arbovirus infections. 

In this thesis, the tick-borne Uukuniemi virus (UUKV) was used as a surrogate 

system to explore the molecular features of Phenuiviridae, a large family of highly 

pathogenic arboviruses in the order Bunyavirales. Label-free proteomic mass 

spectrometry analysis revealed that GBF1 interacts with the UUKV glycoproteins. 

Golgicide A-mediated inhibition of GBF1-driven intracellular vesicle trafficking and 

siRNA-mediated silencing of GBF1 impaired UUKV infection, demonstrating that 

GBF1 is involved in UUKV replication and egress. GBF1 appeared to be important 

for a broad range of RNA viruses budding from the endoplasmic reticulum and Golgi 

networks. Then, lipidomic mass spectrometry analysis indicated that 

hexosylceramide (HexCer) is enriched in infected cells and in the envelope of UUKV 

particles. Pharmacological inhibition of the synthesis of the HexCer 

glucosylceramide (GlcCer) in producer cells resulted in viral progeny with reduced 

infectivity, likely due to defects in virion binding to target cells. I also found that other 

bunyaviruses rely on GlcCer for infectious entry. Finally, I established protocols for 

UUKV production and purification from both tick vector cells and mammalian host 

cells. Cryo-electron microscopy showed that viral particles were smaller and more 

heterogenous in size when UUKV was derived from tick cells. 

In sum, my thesis allowed the identification of general infection-promoting 

factors, not only for UUKV, but also for other viruses that bud from the endoplasmic 

reticulum and Golgi compartments. Strikingly, GlcCer is the first example of a 

glycolipid mediating virion attachment. My work lays the basis for future studies in 

virus-receptor interactions and comparative analysis of viral particles produced from 

their mammalian host and arthropod vector cells. Elucidating these molecular 

features and related functional processes is paramount to prepare for the 

emergence of future phenuiviruses and other arboviruses.  
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VI. Zusammenfassung 

Während der letzten Jahrzehnte gewannen hochpathogene, durch 

Arthropoden übertragene Viren (Arboviren), weltweit an Bedeutung und stellen eine 

Herausforderung für die Gesundheitswesen vieler Länder dar. Arboviren vermehren 

sich nicht nur in ihrem Wirt, sondern verfügen über einen doppelten Lebenszyklus, 

der ihnen einen Wechsel zu und von ihrem jeweiligen Arthropodenvektor ermöglicht. 

Dieser natürliche Vorgang ist experimentell schwer zu reproduzieren. Darum sind 

die molekularen Merkmale, welche die Virionen in Arthropoden- oder 

Säugetierzellen erwerben, und deren mögliche Verbindung zur Infektiosität nach wie 

vor unklar. Außerdem wurden bisher nur wenige Wirtsfaktoren identifiziert, die an 

der Infektion mit Arboviren beteiligt sind, und für viele von diesen müssen die 

Funktionen noch im Detail aufgeklärt werden. 

Mit Hilfe hochauflösender markierungsfreier Proteomik und Lipidomik 

Massenspektrometrie identifizierte ich neue Wirtsfaktoren und Eigenschaften des 

Uukuniemi Virus (UUKV). Bei diesem Virus handelt es sich um ein Surrogat System 

für hochpathogene Phenuiviren. Ergebnisse der Proteom Analyse der aus 

Säugetierzellen gewonnenen Virionen wiesen darauf hin, dass der Golgi-spezifische 

Brefeldin-A-resistente Guanin-Nukleotid-Austauschfaktor 1 (GBF1) mit den UUKV 

Glykoproteinen interagierte. Sowohl die durch Golgicide A vermittelte Hemmung des 

GBF1-gesteuerten intrazellulären Vesikeltransports als auch das durch siRNA 

vermittelte Silencing von GBF1 reduzierten die UUKV Infektionslevel. Eine 

eingehende Analyse des viralen Infektionszyklus ergab, dass GBF1 an der UUKV 

Replikation und dem Virenaustritt beteiligt ist. Außerdem konnte ich durch Lipidom-

Analysen nachweisen, dass Hexosylceramid (HexCer) sowohl in infizierten Zellen 

als auch in der Hülle von UUKV-Partikeln angereichert ist. Die pharmakologische 

Hemmung der Synthese des HexCer Glucosylceramid (GlcCer) in produzierenden 

Zellen führte zu einer verminderten Infektiosität von UUKV-Partikeln. Dies könnte 

durch eine beeinträchtigte Binding des Virus an die Zielzellen verursacht werden. 

Darüber hinaus etablierte und optimierte ich Protokolle für die Produktion und 

Aufreinigung von UUKV aus Zeckenzellen. Kryo-Elektronenmikroskopie zeigte, 

dass die aus Zeckenzellen produzierten Partikel einen kleineren Durchmesser 

hatten als die aus Säugetierzellen gewonnenen Virionen. 

Diese Arbeit bildet die Grundlage für zukünftige vergleichende Studien von 

Viruspartikeln, die aus Zeckenzellen und solchen, die aus Säugetierzellen stammen. 
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Ich habe in dieser Arbeit neue Wirtsfaktoren identifiziert, die bei der UUKV-Infektion 

eine zentrale Rolle spielen. So ist das vom Wirt stammende Lipid GlcCer an der 

Bindung an die Zielzellen beteiligt und ist damit das erste Beispiel für ein Glykolipid, 

das die Anheftung des Virions vermittelt. Generell könnten sowohl GBF1 als auch 

GlcCer bei Viren beteiligt sein, die aus dem Endoplasmatischen Retikulum und dem 

Golgi-Apparat knospen. Die mechanistische Grundlage dieser Prozesse wird in 

künftigen Studien von entscheidender Bedeutung sein. Vor allem therapeutische 

Ansätze könnten sich diese Wirkungsweise zu Nutze machen, um auf mögliche 

künftige Ausbrüche von Arboviren besser vorbereitet zu sein. 
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1. Introduction 

1.1. Arboviruses and epidemiological threats 

Viruses are obligate intracellular parasites encoded by genetic material (DNA 

or RNA) and hijack cellular factors of the host to replicate and produce progeny. 

Viruses can pose a severe threat to global health as recently proven by the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic that began in 

2020. Arthropod-borne viruses (arboviruses) constitute a supergroup of viruses with 

worldwide distribution, that share the dependence on arthropod vectors for 

transmission to vertebrate hosts. Some arboviruses which are causing diseases in 

humans or domestic animals are regarded as potential pandemic threats such as 

Chikungunya virus (CHIKV), Crimean-Congo hemorrhagic fever orthonairovirus 

(CCHFV), Rift Valley fever virus (RVFV), and yellow fever virus (YFV) (1–4).  

Vertebrate-specific arboviruses possess two life cycles including amplification 

in their arthropod vector (e.g., tick, mosquito, and sandfly) and in their vertebrate 

host (e.g., hamster, sheep, and human) with constant transmissions between vector 

and host (Figure 1). Arboviruses establish a persist infection in the arthropod vector 

and are then transmitted upon feeding on vertebrates (5, 6). In turn, arthropods can 

also get infected during a blood meal from a viremic host. Moreover, transovarial 

transmissions occur from the parent to the offspring in arthropods. Transmissions 

between vertebrates were also described, for example, via aerosols or blood contact 

(7). Arboviruses are believed to initially have been “insect viruses” before they were 

transmitted to vertebrates. Hence, arthropods and arboviruses could have co-

evolved, resulting in asymptomatic and persistent infections, while vertebrates 

frequently get severely sick upon exposure to arboviruses (8, 9).  
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Figure 1. The dual life cycle of arthropod-borne viruses (arboviruses). 
Arbovirus amplification takes place in their arthropod vectors and their vertebrate hosts, 
and the life cycles include a host switch with transmission between vector and host through 
bloodmeal as reviewed in (9). Furthermore, transmissions from vertebrate to vertebrate 
occur via aerosols or direct blood contact. For arthropods transovarial transmission from 
parent to offspring has been described. The figure was created using BioRender. 

 

 

In general, zoonosis is defined as an infection transmitted from animals to 

humans. Such cross-species spillover events often lead to the infection of dead-end 

hosts that do not allow sustained transmission of the pathogen. Hence, dead-end 

hosts do not contribute to a stable transmission cycle. Yet, if the new host is capable 

to further transmit the virus, a new virus can be established in a population (e.g., 

SARS-CoV-2). Many arboviruses are regarded as emerging or reemerging 

pathogens. This means that they are causative agents of new or previously 

unrecognized infections. Emerging viruses can possess an expanded host range, 

and/or previously unknown diseases develop after infection with a known virus. An 

example for an emerging virus with an expanded host range that was previously 

known but then discovered to cause neuronal birth defects such as microcephaly, is 

Zika virus (ZIKV).  

As infection of vertebrates occurs mainly via the vector saliva which is 

introduced into the skin dermis during an arthropod blood meal, dermal 

macrophages and dendritic cells (DCs) at the anatomical site are among the first 
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target cells of many arboviruses (9, 10). However, various arboviruses do not solely 

rely on vector transmission but they can also be transmitted between vertebrates, 

for example via aerosols, direct blood contact, vertical transmission, blood 

transfusion, or organ donation (6, 11). Due to a broad host and tissue specificity, 

arboviruses allow for zoonotic transmissions. Nonetheless, humans are regarded as 

a dead-end host for many arboviruses (12, 13). Because of deforestation and 

humans populating previously uninhabited land, sylvatic arbovirus transmission 

cycles between arthropods and wild animals get increasingly disturbed. Thus, this 

leads to humans getting exposed to arboviral vectors and the viruses they carry (14, 

15). Additionally, globalization and increased travelling lead to the spread of 

arboviral diseases to new geographical regions. Global warming simultaneously 

facilitates the geographical expansion of vectors and viruses (16, 17). 

Arboviruses are a super group of viruses harboring different viral families, such 

as among others, Phenuiviridae, Peribunyaviridae, Nairoviridae, Flaviviridae, and 

Togaviridae, all sharing the dual life cycle in vectors and hosts. Many different 

arthropods transmit viruses and other pathogens to vertebrate hosts, but 

mosquitoes, sandflies, and ticks are responsible for most arboviral diseases in 

humans.  

Examples of mosquito-borne arboviruses are CHIKV, YFV, ZIKV, West Nile 

virus (WNV), and Dengue virus (DENV). DENV is a flavivirus which was designated 

as a primary international public health concern by the World Health Organization 

(WHO) because of a dramatic geographic spread in recent years. It causes several 

hundred-million infections each year, increasing substantially in the past two 

decades. In addition, another arbovirus spread rapidly during the last two decades: 

outbreaks of the alphavirus CHIKV occurred in Kenya (2004) and India (2005), 

before travelers introduced CHIKV into many European and American countries 

(18). Symptoms range from rashes, digestive abnormalities, and headaches to fever 

and muscle and joint pain. Semliki forest virus (SFV) is an alphavirus closely related 

to CHIKV but allows handling in biosafety level (BSL)-2 conditions due to low 

pathogenicity in humans. Thus, SFV is frequently used as a surrogate to study more 

pathogenic mosquito-borne alphaviruses (19). Germiston virus (GERV) is another 

mosquito-borne arbovirus that is employed as a surrogate system for a closely 

related and more pathogenic virus, namely, La Crosse virus (LACV) (20, 21). GERV 

and LACV are bunyaviruses belonging to the genus Orthobunyavirus in the family 
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of Peribunyaviridae (Table 1). LACV is present in North America and is regarded as 

the major causative agent of pediatric encephalitis (22). 

CCHFV, Heartland virus (HRTV), and Dabie virus (DABV) are examples of 

tick-borne arboviruses in the order Bunyavirales. CCHFV belongs to the Nairoviridae 

family (Table 1). This virus is classified as a BSL-4 pathogen and causes infections 

mainly in Eastern Europe, Asia, and Africa (23–25). Natural hosts are wild and 

domestic animals such as cattle, goats, and sheep. Human infections mainly occur 

via tick bites or contact with blood of infected animals. Symptoms of CCHFV infection 

include headache, joint pain, high fever, changes in sensory perception, and 

bleeding. Depending on the outbreak and study, the fatality rate of hospitalized 

patients was reported to be between 9% and 50% as reviewed by (26). Other 

emerging tick-borne arboviruses in the order Bunyavirales that causes seasonal 

infections are HRTV and DABV, previously referred to as severe fever with 

thrombocytopenia syndrome virus (SFTSV). They belong to the family 

Phenuiviridae. DABV has a wide host range including goats, sheep, dogs, and 

chickens and can cause diarrhea, fever, multiple organ failure, and 

thrombocytopenia in humans (27, 28).  

 

 

Table 1. Selected viruses in the order Bunyavirales. 

Virus species  Vector  Virus family Virus genus 

CCHFV Ticks Nairoviridae  Orthonairovirus  
LACV Mosquitoes Peribunyaviridae Orthobunyavirus 
GERV Mosquitoes Peribunyaviridae Orthobunyavirus 
DABV Ticks Phenuiviridae Bandavirus 
HRTV Ticks Phenuiviridae Bandavirus 
RVFV Mosquitoes Phenuiviridae Phlebovirus 
TOSV Sandflies Phenuiviridae Phlebovirus 
UUKV Ticks Phenuiviridae Uukuvirus 
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1.2. Phenuiviruses in the order Bunyavirales 

The international committee on taxonomy of viruses (ICTV) designed a system 

of grouping a virus into an order, family, and genus based on genome organization, 

replication strategy, and morphology (29). The order Bunyavirales consists of twelve 

virus families. Among them, Phenuiviridae are of particular importance. They include 

more than 100 identified members in 19 genera, many of which are emerging 

pathogens in both, humans and livestock. Phenuiviruses are transmitted by both, 

insects and arachnids such as the tick-borne phenuivirus DABV and the non-

pathogenic relative Uukuniemi virus (UUKV). Within the virus family Phenuiviridae, 

arboviruses in the genus Phlebovirus are mostly transmitted by sandflies such as 

Toscana virus (TOSV). RVFV belongs to the Phlebovirus genus but is an exception 

as it is reported to be transmitted by mosquitoes. UUKV was moved from this genus 

into the newly formed genus Uukuvirus in 2019 (30, 31). The main reasons for the 

relocation of UUKV to the new genus were that the transmission vectors of UUKV 

are ticks that are arachnids and not insects. Moreover, UUKV does not code for the 

non-structural protein NSm which is encoded by phleboviruses.  

Another classification system is the Baltimore scheme which assigns classes 

based on replication strategy. Phenuiviruses possess a single stranded segmented 

RNA genome with mostly negative polarity and hence belong to group V of this 

system (32). 

Many bunyaviruses can cause severe diseases in livestock and humans 

posing a global threat to agricultural productivity and public health. Globalization and 

climate change lead to the spread of vectors and viruses to new geographical 

locations. Hence, many bunyaviruses are considered as emerging pathogens (33, 

34). UUKV was the main focus of my thesis. It is a frequently used surrogate for 

many highly pathogenic tick-borne bunyaviruses such as CCHFV and DABV. 

Moreover, I employed the closely related sandfly-borne TOSV and the mosquito-

borne RVFV to test whether my findings were specific to UUKV or shared within the 

same viral family of Phenuiviridae. UUKV, TOSV, and RVFV are all transmitted by 

different arthropods (ticks, sandflies, and mosquitoes, respectively) allowing to 

assess whether the arthropod vector influences the utilization of mammalian host 

factors.  

RVFV is a phlebovirus most commonly present in animals such as cattle, 

sheep, and goats in sub-Saharan Africa. Transmission to humans can occur upon 
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mosquito bites, contact with animal blood, or via aerosols, mainly causing a mild 

disease with symptoms including headache, fever, and muscle pain (35–37). RVFV 

infection can cause liver manifestations, loss of sight, meningoencephalitis, and 

hemorrhagic fever in severe cases. Reports of case fatalities vary greatly between 

different outbreaks and studies but are estimated to be generally below 1%. 

However, in cases where hemorrhagic fever has manifested, fatality rates are as 

high as 50% (38–40).  

TOSV is transmitted by sandflies and is endemic in Southern Europe and 

Northern Africa. Recent studies revealed high seroprevalence of the virus in Italy, 

but primarily flu-like symptoms seem to be misdiagnosed frequently (41–44). 

Complications of TOSV infection include neuronal symptoms. Furthermore, TOSV 

infections are the leading cause of meningitis or encephalitis in Southern Europe in 

summer. However, no public awareness is drawn to this neglected and understudied 

arbovirus (45, 46). 

UUKV is a tick-borne phenuivirus isolated from Ixodes ricinus ticks, small 

rodents, and birds in Central and Eastern Europe and Scandinavia. Moreover, 

antibodies against UUKV were detected in cows (47–49). UUKV is closely related to 

highly pathogenic phenuiviruses such as DABV, HRTV, and RVFV, while UUKV 

infection is not associated with human diseases (30, 50, 51). Hence, UUKV has been 

used as a model arbovirus for decades. Studying UUKV infection led to many 

findings, which were later confirmed also for more pathogenic phenuiviruses (52, 

53). 
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1.3. Phenuivirus structure and genome organization 

Viruses in the family Phenuiviridae are roughly spherical and approximately 

80-160 nm in diameter (54, 55). Phenuiviruses possess a tri-segmented single-

stranded RNA genome surrounded by a host-derived lipid bilayer embedding the 

viral glycoproteins GN and GC (Figure 2 A). The three RNA segments of negative or 

ambisense polarity were named based on their respective sizes: large (L), medium 

(M), and small (S) (Figure 2 B).  

The L segment encodes the RNA-dependent RNA polymerase (RdRp) which 

is required for transcription of the viral RNA and replication. The M segment codes 

for a glycoprotein precursor protein which is processed at the endoplasmic reticulum 

(ER) and the Golgi apparatus. In dipteran-borne phenuiviruses, the M segment 

additionally codes for the non-structural NSm protein. The functions of NSm remain 

largely uncharacterized. However, for RVFV, it was shown that it inhibits apoptosis 

in infected cells while it does not play a crucial role in viral replication (56, 57). The 

S segment has an ambisense polarity encoding the nucleoprotein (N protein) in 

negative-sense and the non-structural protein NSs in positive-sense. The N protein 

and the RdRp bind to the RNA segments forming ribonucleoprotein (RNP) 

complexes which constitutes the minimal necessary replicative elements for 

genomic viral replication processes (58).  

Yet, phenuiviruses do not seem to rely on NSs for replication in mammalian 

cell culture models, but rather for escaping innate immunity in vivo. The NSs protein 

of RVFV typically forms cytosolic punctae and nuclear filaments in infected cells, 

which have recently been described to be amyloidogenic (59). The fibrilization of 

RVFV NSs into amyloid fibrils appears to be crucial for inhibiting interferon-β 

expression and protein kinase R function and, in turn, counteracting the innate 

immune response in infected cells (60–62).  
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Figure 2. Organization of phenuiviral particles. 
(A) As other phenuiviruses, UUKV particles have a diameter of about 100 nm and are 
roughly spherical. The tri-segmented single-stranded RNA genome is accompanied by the 
ribonucleoprotein (RNP) complex consisting of nucleoprotein (N protein) and RNA-
dependent RNA polymerase (RdRp). Virions are enveloped by a host-derived lipid bilayer 
with transmembrane viral glycoprotein (GN and GC) protrusions arranged in a T-12 
icosahedral lattice. Figure 2 A was adapted from Uckeley, Koch, et al. 2019 (63). (B) Three 
RNA segments code for all viral proteins: the large (L) segment encodes the RdRp, the 
medium (M) segment codes for the viral glycoproteins GN and GC, and the small (S) 
segment encodes the N protein and the non-structural protein NSs in an ambisense 
strategy.  
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1.4. Phenuivirus infection cycle 

The UUKV life cycle was generally investigated and described in mammalian 

cells (30, 58). In contrast, tick cell biology remains poorly understood, and virus 

infection in tick cells has not been characterized on molecular levels. The first step 

of phenuivirus infection is entry, including virus attachment, internalization, 

intracellular trafficking, and fusion with the endosomal membrane to release the viral 

genome. Subsequently, phenuiviruses replicate in the cytoplasm and bud through 

intracellular compartments, leaving the cell in vesicles (Figure 3). The individual 

steps of the UUKV infection cycle will be explained in more detail in the following 

sections. 

 

  

 
Figure 3. Phenuivirus infection cycle in mammalian cells.  
Phenuiviruses entry starts with binding to the target cell. Virions enter via the endocytic 
route and fuse from late endosomes. Replication and translation occur in the cytoplasm 
and viral particles assemble at the endoplasmic reticulum (ER), ER-Golgi intermediate 
compartments (ERGIC), and Golgi compartments. Budding of viral particles through the 
Golgi apparatus is followed by virion release by exocytosis. The figure was illustrated using 
BioRender. 
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1.4.1. UUKV entry 

Virus attachment to target cells usually occurs through interactions between 

the surface proteins decorating viral particles and host cell receptors, such as 

proteins, glycans, or lipids (Figure 4/1). The C-type lectin receptor (CLR) dendritic 

cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) is a 

primary entry receptor for UUKV and the closely related phleboviruses TOSV and 

RVFV (52). It was shown that DC-SIGN not only mediates the attachment of these 

viruses to cells but is also involved in endocytic internalization. In addition, cells that 

could previously not be infected with UUKV were rendered permissive upon DC-

SIGN expression suggesting that this CLR is sufficient to mediate UUKV infectious 

entry (52, 64).  

Liver-specific intercellular adhesion molecule-3-grabbing non-integrin 

(L-SIGN) acts as an attachment factor (also referred to as co-receptor) for UUKV, 

TOSV, and RVFV, meaning it promotes infection by binding to the virus without 

playing a direct role for virus uptake (53). DC-SIGN and L-SIGN share high 

sequence homology with main differences in the cytosolic tails and internalization 

motifs (65, 66). These findings further highlight the complexity of virus-receptor 

mechanisms beyond interactions between particles and the receptor ectodomain. 

Strikingly, DC-SIGN is for example expressed on dermal DCs, which are present at 

the anatomical site of phenuivirus transmission and belong to the primary target 

cells. L-SIGN is expressed in epithelial liver cells, in line with the hepatotropism of 

many phenuiviruses (30).  

However, cells such as the lung epithelial cell line A549, the fibroblastic cells 

baby hamster kidney (BHK)-21, and the cervical carcinoma epithelial cells Henrietta 

Lacks (HeLa) that do not express these CLRs are permissive to infection with UUKV, 

proving that there are more yet unknown receptors that the virus can use. 

Furthermore, for the phleboviruses RVFV and TOSV, heparan sulfate facilitates 

attachment via electrostatic interactions (67–69). Recently, low-density lipoprotein 

(LDL) receptor-related protein 1 (Lrp1) was described be important for RVFV entry 

via an interaction with GN (70).  

Phenuivirus binding to the target cell is followed by receptor-mediated 

endocytosis (Figure 4/2) and intracellular trafficking (Figure 4/3) to the site of fusion 

and release of the viral genome into the host cell (Figure 4/4). Clathrin-mediated 

endocytosis was suggested as the internalization pathway for DABV, while the 

uptake mechanisms of UUKV and RVFV remain less characterized (71, 72). UUKV 
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infects cells even when clathrin is silenced, suggesting that UUKV can use another 

uptake mechanism (64). For RVFV, three possible internalization routes (clathrin-

mediated endocytosis, caveolin-mediated endocytosis, or micropinocytosis) were 

proposed in three independent studies using various RVFV strains and different cell 

types (67, 73, 74).  

Upon internalization, phenuiviruses traffic within endosomal compartments. 

Endosomes mature from early endosomes (EE) to late endosomes (LE) and then 

fuse with lysosomes. Driven by vacuolar-type H+-ATPases (vATPases), the pH in 

the endosomal lumen steadily decreases from roughly pH 6.8-6.0 in EE, about pH 

6.0-5.0 in LE, down to pH 4.5 in lysosomes (75). For UUKV, it was shown that viral 

particles travel in EEs, LEs, and endolysosomal compartments (64). Acid-dependent 

penetration of the viral genome into the cytosol is triggered after reaching optimal 

conditions for fusion of the viral and the endosomal membrane. Phenuiviral fusion 

with the endosomal membrane is mediated by the glycoprotein GC and can be 

triggered by specific environmental factors such as a pH drop, ion concentrations, 

and/or availability of host proteases (76). It was demonstrated that acidification is 

sufficient to trigger UUKV fusion, which typically occurs at pH ~5.4, compatible with 

a penetration from late endosomes/endolysosomes where intraluminal pH varies 

from 4.5 to 6.0 (Figure 4). This makes UUKV a late-penetrating virus (30, 77). 

Neutralization of the endosomal pH using vATPase inhibitors or weak 

lysosomotropic bases impaired UUKV and RVFV from fusion with the endosomal 

membrane (64, 78). In addition, it was described that UUKV depends on an intact 

microtubule network for efficient entry (64). 
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Figure 4. Entry of phenuiviruses into cells. 
After binding (1.), phenuiviruses can use different uptake pathways (2.) including clathrin- 
and caveolin- dependent endocytosis, micropinocytosis, and clathrin-independent 
pathways. Viruses are trafficked along the endocytic route (3.) and fuse once the 
endosomal environmental conditions are considered optimal for the individual virus (4.). 
Adapted from Uckeley, Koch, et al. 2019 (63). 
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1.4.2. UUKV replication and egress 

Upon acid-activated fusion and penetration, the viral RNA segments are 

released into the cytoplasm, where replication of the viral genome driven by viral 

RNPs (vRNPs) takes place. RNPs generally consist of N proteins and the RdRp. 

The RdRp synthesizes complementary RNA (cRNA) strands which are then bound 

by N proteins and RdRp to form complementary RNPs (cRNPs). These are in turn 

used as a template to synthesize more vRNPs.  

Initial protein synthesis occurs at the ER, and the viral glycoproteins GN and 

GC are cleaved from the precursor, folded, and matured at ER, ER-Golgi 

intermediate compartments (ERGIC), and Golgi apparatus (79). The exact 

mechanisms of glycoproteins maturation remain poorly documented. vRNPs and the 

glycoproteins assemble to form phenuiviral particles budding from ER, ERGIC, and 

Golgi compartments where they acquire their lipid envelope (80–83). Assembled 

virus particles are believed to be released via exocytosis (Figure 5). 

 

 
Figure 5. Replication, budding, and release of phenuivirus particles. 
Phenuivirus replication takes place exclusively in the cytoplasm. Upon viral protein 
synthesis at the ER, phenuiviruses assembly takes place at ER, ERGIC, and Golgi 
compartments. After assembly, phenuiviruses acquire their lipid bilayer by budding 
through ERGIC/Golgi compartments. Virions are trafficked to the plasma membrane in 
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vesicles, leaving the cells via exocytosis. Phenuivirus replication and egress was reviewed 
by (58, 84). The figure was created with BioRender. 

 

 

1.5. Host proteins involved in UUKV infection 

Although especially assembly and egress of UUKV infection remain poorly 

understood processes, some distinct host factors playing a crucial role during viral 

infection have been characterized. As mentioned in the previous section (1.4.1.), 

UUKV particles employ the CLRs DC-SIGN and L-SIGN to bind to target cells. 

Moreover, UUKV was shown to colocalize with Rab5+ EE, Rab7+ LE, and lysosome 

associated membrane protein type 1 (LAMP-1)+ endolysosomes, while trafficking 

along the endosomal route (52). Rab5 is a small guanosine triphosphate hydrolase 

protein (GTPase) present in EEs and involved in further endosomal maturation. 

Rab7 is mainly present in LEs and was described to play a role in endosomal 

trafficking and maturation, while LAMP-1 is a frequently used marker for lysosomes 

(85). Furthermore, the vesicle soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor (v-SNARE) protein vesicle-associated membrane protein 3 

(VAMP-3), which is present in recycling endosomes, is required for UUKV to reach 

the optimal endosomal compartment for fusion and subsequent viral genome 

penetration into the cytosol (86). My group has recently found that the small GTPase 

Rab11a involved in trafficking of recycling endosomes and the autophagic factor 

Atg7 were associated with infection-promoting functions during UUKV infection (87). 

Both host factors facilitate endosomal transport of UUKV particles from the plasma 

membrane to late endosomes where the viral glycoproteins induce fusion. Together, 

these studies suggest that UUKV uses a complex, non-classical intracellular 

trafficking pathway to enter cells. Many UUKV host factors, especially during virus 

replication and the release of progeny virus particles, still remain to be identified. 
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1.6. GBF1 is involved in infection of various RNA viruses 

Previously, Golgi-specific brefeldin A-resistance guanine nucleotide exchange 

factor 1 (GBF1) was demonstrated to be involved in the replication of enveloped 

viruses such as DENV, hepatitis C virus (HCV), human coronavirus 229E (hCoV 

229E), vesicular stomatitis virus (VSV), and YFV (88–90). GBF1 is a guanine 

exchange factor (GEF) for members of the adenosine diphosphate (ADP)-

ribosylation factor (Arf) GTPases. It is resident at the cis-Golgi, and additionally 

present in the ERGIC and lipid droplets, already indicating its wide variety of 

functions (Figure 6). GBF1 possesses a membrane-bound and a cytosolic state. By 

activating Arf1, GBF1 regulates coat protein I (COPI) dependent retrograde Golgi–

ER trafficking. GBF1, Arf1, and COPI also play a role in lipid droplet metabolism. 

Moreover, in a COPI-independent manner, GBF1 and Arf1 are involved in clathrin-

independent endocytosis and recruitment of the dynein receptor golgin160 to the 

Golgi apparatus (91). 

The positive sense RNA viruses DENV, HCV, human coronavirus 299E 

(hCoV 299E), and YFV share a dependence on the formation of replication 

complexes. Replication complexes serve as protective viral factories within the 

crowded cytosol. Apart from influencing retrograde COPI trafficking, GBF1 also 

seems to be involved in the generation of these replication organelles (88–90). 

Furthermore, GBF1 was described as a proviral factor for the non-enveloped viruses 

Coxsackievirus B (CVB) and hepatitis E virus (HEV). Also in case of HEV, GBF1 

was suggested to play a role int the generation of replication complexes (92, 93). 

For CVB, it was proposed that active GBF1 is important for efficient replication, while 

the exact function of GBF1 in this mechanism requires further investigation. 

Interestingly, also the non-enveloped poliovirus interacts with GBF1, but it does not 

rely on its GEF activity for RNA replication. It remains elusive by which mechanism 

GBF1 affects poliovirus infection (94, 95). GBF1 thus appears as an important factor 

for replication, assembly, and egress of viruses budding from ER, ERGIC, and Golgi 

compartments. However, the role of GBF1 was not yet characterized for 

phenuiviruses. 
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Figure 6. Cellular functions of GBF1. 
GBF1 is localized at cis-Golgi, ERGIC, and lipid droplets, where it activates Arf1. GBF1 
and Arf1 recruit COPI to form vesicles. COPI vesicles mediate retrograde transport from 
the Golgi and ERGIC back to the ER. GBF1 and Arf1 are also involved in clathrin- 
independent endocytosis and recruitment of the dynein receptor golgin160 to Golgi 
membranes. The multifaceted roles of GBF1 were reviewed in (91). The figure was created 
with BioRender. 
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1.7. Lipids involved in virus infection 

As obligatory intracellular parasites, viruses strongly rely on the host 

machinery and interactions with several cellular factors to promote viral infection 

(96–98). Apart from the extensively described virus-host protein interactions, 

literature increasingly identifies different host cell lipids involved in viral entry, 

replication, and egress (99, 100). For example, lipids in the host cell membrane can 

facilitate virus binding. Simian virus 40 (SV40) was demonstrated to bind to the 

ganglioside GM1 on the plasma membrane, facilitating uptake and intracellular 

trafficking during infection (101). The protein coat of non-enveloped polyomaviruses 

can interact with glycosphingolipids (GSLs) such as GT1b, GD1a, and GD1b on the 

cell membrane, which are suggested to play a role in virus trafficking to the ER (101, 

102). 

Influenza A virus (IAV), Ebola virus (EBOV), SARS-CoV-2, and human 

immunodeficiency virus (HIV)-1 were reported to rely on lipid microdomains on host 

cells for virus entry. Lipid microdomains are platforms of highly ordered lipid 

structures on plasma membranes hypothesized to be involved in various cellular 

functions. Hydrophobic residues of the IAV hemagglutinin (HA) interact with lipid 

microdomains playing a role in virus attachment (103). Furthermore, interactions of 

the EBOV glycoproteins with cholesterol were suggested to facilitate fusion and virus 

entry (104). The importance of cholesterol-rich lipid rafts for SARS-CoV-2 entry was 

indicated by employing SARS-CoV-2 spike-expressing pseudoviruses (105). 

Similarly, HIV-1 utilizes cholesterol in lipid microdomains as an attachment factor 

during virus entry (106–108). Regarding phenuiviruses, cholesterol was suggested 

to be involved in RVFV entry and fusion (109). In addition, Bitto et al. revealed that 

the phospholipid bis(monoacylglycero)phosphate (BMP), which is present in late 

endosomal membranes, facilitates UUKV fusion (110). 

Over the past decades, it has been shown that some viruses use 

phosphatidylserine (PS) in the viral envelope as a co-factor to bind the plasma 

membrane of the target cell (111–115). PS is a lipid that is usually exclusively 

present at the inner leaflet of the plasma membrane. Its localization to the outer 

leaflet occurs in dying cells resulting in rapid phagocytosis. Viruses, such as CHIKV, 

DENV, EBOV, and HIV-1 use this mechanism for uptake into target cells. 

Enveloped viruses acquire their lipid bilayer from the producer cells. The lipid 

composition of the viral envelope generally resembles that of the cell organelle 
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membranes from which viruses usually bud, i.e., ER, ERGIC, Golgi apparatus, or 

plasma membrane. A lipid composition analysis of Semliki forest virus (SFV) and 

VSV which both bud from the plasma membrane, indicated that the lipidome of the 

viral envelope and the plasma membrane are very similar (116–118). In contrast, 

several studies found that specific lipids were enriched or reduced in the virus 

envelope compared to the host cell. For instance, the vaccinia virus (VACV) 

envelope possesses more PS than the host cell, while the human cytomegalovirus 

(hCMV) envelope is enriched in phosphatidylethanolamine (PE) and constitutes less 

PS than its producer cells (119, 120). IAV infection enriched sphingolipids and 

cholesterol in the apical membranes and the viral particles, while 

glycerophospholipids were reduced (121). For HIV-1, it was described that its 

envelope is enriched in phosphatidylinositol-4,5-bisphosphate (PIP2), sphingomyelin 

(SM), cholesterol, and PS, while phosphatidylcholine (PC) and ceramide (Cer) were 

reduced (122). 

HIV-1 egress has been suggested to rely on interactions between viral proteins 

with lipid microdomains on the inner leaflet of the plasma membrane. This process 

involves interactions of the viral Gag protein with PIP2, eventually leading to budding 

and release of virions from the plasma membrane (123, 124). 

 

1.7.1. The cellular lipidome 

The plasma membrane of mammalian cells is a lipid bilayer consisting of more 

than 100 different lipids from three major classes, namely glycerophospholipids, 

sphingolipids, and sterols (Figure 7) (125). The majority of membrane lipids are 

amphiphilic, meaning they possess a hydrophobic and a hydrophilic part enabling 

spontaneous self-organization into a lipid bilayer in aqueous solutions (126, 127). 

PC, PE, PS, and phosphatidylinositol (PI) are examples for glycerophospholipids 

sharing a common glycerol backbone. Cholesterol, the predominant sterol in the 

membrane, is important for membrane integrity and stability, and is a precursor for 

a vast number of hormones and signaling molecules (128, 129). Sphingolipids 

comprise Cer, SM, and GSL. Cer is a precursor for SM-, and GSL-metabolism (130). 

GSLs are important for many cellular processes, for instance, they are involved in 

cell growth, development, and differentiation (131, 132).  
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Figure 7. Major lipids in plasma membranes. 
Glycerophospholipids, sphingolipids, and sterols are the main three lipid classes present 
in the plasma membrane. (A) Glycerophospholipids possess a glycerol backbone with fatty 
acids and different head groups as exemplified in the yellow box. Phosphatidic acid is 
indicated in grey. (B) Sphingolipids have a common sphingosine backbone, a fatty acid 
chain, and a head group that differs as indicated in the grey box. (C) The major sterol in 
mammals is cholesterol which possesses a hydrocarbon tail linked to fused rings with a 
hydroxyl group. The figure was prepared using ChemSketch (Advanced Chemistry 
Development, ACD/Labs) and BioRender. Cer, ceramide; GalCer, galactosylceramide; 
GlcCer, glucosylceramide; GSL, glycophingolipid; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol 

 

 

Glucosyl- and galactosylceramide (GlcCer, GalCer) are hexosylceramides 

(HexCers) that serve as the main precursors for complex GSLs (133). The 

conversion of Cer to GlcCer is catalyzed by UDP-glucose ceramide 

glucosyltransferase (UGCG) which is abundant on the cytosolic side of the Golgi 

apparatus (Figure 8). GlcCer is then further metabolized by the stepwise addition of 
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glycans in the Golgi lumen (133, 134). Degradation of GlcCer is mediated by 

glucosylceramidase (GBA) resulting in glucose and Cer (135, 136). On the other 

hand, GalCer is metabolized by GalCer synthases, enzymes which are present 

mostly in the ER of neuronal and renal cells (137). GalCer synthases are limited to 

only some tissues. In contrast, UGCG, the enzyme metabolizing GlcCer, is present 

in most tissues and cell types (133, 137). While GlcCer serves as the precursor for 

more than 300 different GSLs, GalCer can only be synthesized to a few of them 

(138). 

 

 
Figure 8. Glucosylceramide (GlcCer) metabolism. 
(A) UDP-glucose ceramide glucosyltransferase (UGCG) synthesizes GlcCer from ceramide 
(Cer) at the Golgi apparatus. GlcCer is translocated into the Golgi lumen and complex 
glycosphingolipids (GSLs) are metabolized by a stepwise addition of glycans. The figure 8 A 
was generated using BioRender. (B) Cer is synthesized by acylation of sphingosine (Sph) and 
represents the precursor of sphingomyelin (SM) and GSL metabolism. As reviewed by (138), 
the hexosylceramides (HexCer) GlcCer and galactosylceramide (GalCer) serve as a source for 
more complex GSLs. GlcCer is metabolized to more than 300 different GSLs, while in contrast 
GalCer serves as a precursor for only few GSLs. The enzyme glucosylceramidase (GBA) 
degrades GlcCer into Cer and glucose.  
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1.7.2. Glucosylceramide plays a role for infection of different viruses 

Recently, several studies suggested that UGCG can influence virus infection. 

IAV infection relies on GBA and UGCG activity, proposing that highly regulated 

homeostatic GlcCer levels are required for efficient IAV infection (139–141). The IAV 

lipidome was already analyzed earlier and did not reveal significantly increased 

HexCer in infected cells or the virions. However, it seemed like Hex2Cer levels were 

enriched in viral particles (121). In addition, UGCG was shown to play a role during 

infection with SARS-CoV-2. In this study, pharmacological inhibition of UGCG in 

target cells reduced the production of infectious SARS-CoV-2 particles (142). 

Concerning phenuiviruses, Drake et al. silenced and inhibited UGCG leading to 

decreased DABV infection levels. They suggested a role of UGCG during viral entry 

but also demonstrated that the production of infectious DABV particles was 

hampered in UGCG depleted cells. Moreover, they assessed DABV binding and 

internalization into cells that were silenced for UGCG which resulted in no difference 

in the binding or internalization capacity (143). GlcCer or UGCG seem to be involved 

in the infection of unrelated viruses possibly indicating that also other viruses rely on 

GlcCer and/or UGCG. 
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1.8. Ticks and tick cell culture 

My PhD project mainly focused on UUKV which is a tick-borne arbovirus. To 

understand whether the producer cells influence virus morphology, molecular traits, 

and thus, infection of target cells, I was interested in comparing UUKV produced 

from tick and mammalian cells. While some mosquito cells are commercially 

available and start being used in arboviral laboratories, tick cells remain largely 

uncharacterized. 

Ticks are ectoparasitic arachnids that feed on blood. They have eight legs, a 

body, and mouthparts. The tick life cycle comprises developmental stages starting 

from eggs, larvae, and nymphs, leading to adults. They molt between each 

developmental stage while being able to survive prolonged periods between feeds. 

Ticks have giant genomes of 1,000-7,000 Mb. Hard (Ixodidae family) and soft 

(Argasidae family) ticks can be distinguished by the presence of a hard shield behind 

the mouthparts. Ticks are associated with different diseases (144, 145). They can 

directly damage the skin at the feeding site which may lead to secondary infections. 

Furthermore, ticks can transmit diverse pathogens such as viruses, bacteria, and 

protozoa. Tick-borne viruses include, for example, tick-borne encephalitis virus 

(TBEV), CCHFV, DABV, HRTV, and UUKV (146). Nevertheless, ticks remain poorly 

studied at the level of molecular biology.  

Tick cell cultures are hard to establish and hence only rarely used in 

laboratories, which explains the little knowledge about tick cell biological 

mechanisms. My collaboration partner Lesley Bell-Sakyi (Tick Cell Biobank 

Liverpool) established various tick cell lines from different tick strains, for which eggs, 

larvae, or nymphs served as the starting material (147–149). To get a primary culture 

from eggs, surface sterilized engorged female ticks lay their eggs and once 

developing embryos become visible, the eggs were again surface-sterilized. 

Subsequently, the eggshells were gently crushed and filtered out to release 

embryos. Tissues were then incubated in complete medium at 28°C with a weekly 

medium change. On average, it took 1-7 years until the cells were stably growing. 

Established cell lines are not clonal but comprise more than one cell type. They are 

not strongly adherent and grow in three dimensions (Figure 9). Moreover, the cells 

grow slowly with high cell densities (106-107 cells/ml) and do not require regular 

subculturing (147). Instead, one medium change per week is sufficient to keep them 

growing. Cryopreservation is only possible for a few cell lines and cells might need 
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several months after thawing until they grow adequately to be expanded and used 

for experiments (148).  

 

 
Figure 9. Tick cells grow to high cell densities and in three dimensions. 
The tick cell lines were grown at 28°C and a weekly medium change was performed. Tick 
cells were cultured in flat-bottom glass tubes (A) at high cell densities of about 106-107 
cells/ml. (B) Brightfield images show that tick cells grow in three dimensions. The scale 
bars correspond to 100 µm. 
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1.9. UUKV composition varies depending on the producer cells 

Arboviral infection of vertebrate hosts is usually caused by transmission from 

an infected vector during a blood meal. Thus, in a real-life scenario, virus particles 

infecting a vertebrate host are usually produced in arthropods where they acquire 

their molecular and morphological characteristics. Nevertheless, most laboratory 

studies are performed on arboviruses produced from mammalian cells. My group 

previously compared UUKV particles derived from mammalian versus tick cells and 

demonstrated that virions differ in N-glycosylation patterns of the viral glycoproteins 

(150). The amount of the viral proteins N, GN, and GC also appeared to differ upon 

whether the virus was produced from tick or mammalian cells. UUKV particles 

produced in BHK-21 (mammalian) cells were less infectious and possessed lower 

ratios of glycoproteins amount compared to N protein amount (150). These results 

clearly highlight molecular and functional distinctions between viruses produced in 

their arthropod vector cells and their mammalian host cells. This work further 

supports the importance of studying the arboviral vector-host switch as well as the 

molecular and morphological diversity between virions derived from different 

producer cells (i.e., arthropod versus mammalian cells) to understand the 

differences in infectivity. 

 

1.10. Objectives of this thesis 

UUKV is closely related to highly pathogenic phenuiviruses and has been 

proven useful as a surrogate to investigate various aspects of arboviral infections. 

The use of UUKV led to significant advances in deciphering the particle structure 

and the infection cycle of phenuiviruses (52, 54, 64, 86, 151–153). 

The project of my PhD thesis is organized around three main objectives: First, 

I aimed to follow up on the work of Magalie Mazelier, a former PhD student in my 

group who revealed molecular differences between UUKV particles derived from tick 

and mammalian cells (150). Here, morphological distinctions of tick and mammalian 

cell-derived UUKV particles were assessed by cryo-electron microscopy (cryo-EM). 

Secondly, I aimed to investigate cellular interaction partners of UUKV in a proteomic 

mass spectrometry (MS) approach, contributing to a better understanding of the 

virus life cycle in mammalian cells. Thirdly, to shed light on the lipid composition of 

infected mammalian cells and virions, lipid MS was performed. Using UUKV, one 

can expect to obtain deeper knowledge of cellular host factors and molecular 
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determinants important for transmission, infection, and spread of phenuiviruses. 

These results may lead to the identification of new specific anti-viral drug targets or 

could lay the groundwork for the development of vaccines against phenuiviruses and 

other arboviruses with a significant burden on society.  

Therefore, I have developed and optimized protocols to study UUKV derived 

from BHK-21 cells, including among others, virus production and purification to 

implement label-free protein and lipid MS approaches. The proteomic analysis was 

achieved in collaboration with the team of Gisa Gerold (TWINCORE Hannover). 

After co-immunoprecipitation of the UUKV glycoproteins GN and GC with host cellular 

proteins, proteomic MS analysis identified GBF1 as a cellular protein interacting with 

the UUKV glycoproteins. I used different molecular and cellular approaches to 

determine the role of GBF1 in the UUKV infection cycle, from virus binding and 

penetration to replication and egress. Next, through a collaboration with the group 

of Britta Brügger (BZH Heidelberg), I determined the lipidomes of UUKV-infected 

BHK-21 cells and the virions and revealed that GlcCer is an important component of 

the UUKV envelope. In this part of my PhD project, I aimed to characterize the role 

of GlcCer for UUKV infection and demonstrated its functional importance for UUKV 

entry into host cells. Of note, the last two years of my PhD project overlapped with 

the coronavirus disease 2019 (COVID-19) pandemics. Together with my colleague 

Jana Koch, I got the opportunity to work on the cell entry of the novel coronavirus 

SARS-CoV-2. This work will not be described here as it is not part of my initial PhD 

project, but it was published in 2021 (154).  
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2. Results 

2.1. Viral particle production and labeling strategies 

2.1.1. Virus production and concentration from mammalian cells 

In this thesis, my primary virus model was UUKV, a phenuivirus that is a 

frequently used surrogate for highly pathogenic phenuiviruses and other tick-borne 

bunyaviruses. To expand the study to other phenuiviruses important for human 

health, I additionally included the closely related TOSV and RVFV, and the more 

distant relative GERV, a bunyavirus belonging to the family of Peribunyaviridae. 

Furthermore, in some experiments, I used the togavirus SFV as a control. SFV is an 

early penetrating arbovirus that buds from the cell membrane. Prior to being used in 

routine for my investigation, production, purification, characterization, and titration 

protocols for these viruses needed to be established or optimized. Moreover, 

immunofluorescent staining and labeling of viral particles for flow cytometry 

acquisition and determination of binding or infection levels was optimized for the 

above-mentioned viruses. RVFV, GERV, and SFV are routinely produced from the 

epithelial African green monkey kidney cell line Vero E6. In contrast, UUKV can only 

be produced from the fibroblastic BHK-21 cells. For the lipidomic approaches, it was 

essential to produce all viruses from the same cell line to allow the comparison of 

the lipid compositions (155). Additionally, BHK-21 cells support growth in a serum-

free medium for several days leading to less lipid and proteins contaminations 

advantageous for OMICS analyses. 

Therefore, I optimized the production of the viruses in BHK-21 cells. During 

the production of virus particles, no serum was added to BHK-21 cells enabling 

easier purification of the produced virus stocks. Virus particles were then semi-

purified and concentrated via ultracentrifugation through a sucrose cushion. The viral 

proteins were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and characterized by Coomassie blue staining. UUKV 

glycoproteins GN and GC were localized at 65 kDa and 60 kDa respectively, while 

the nucleoprotein N was observable at 28 kDa (Figure 10 A). RVFV ∆NSs green 

fluorescent protein (GFP), a BSL-2 compatible mutant of the highly pathogenic 

RVFV, revealed the proteins GN and GC at 49 kDa and slightly below, while the N 

protein was at 28 kDa (Figure 10 B). For TOSV, the glycoproteins were visible as 

one band of the size 45 kDa and the N protein was detectable at about 28 kDa 

(Figure 10 C). In case of the alphavirus SFV, the viral capsid C (35 kDa) and the 
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envelope proteins E1 (45 kDa) and E2 slightly lower were visible on the SDS-PAGE 

gel (Figure 10 D). For the orthobunyavirus GERV bands at 28 kDa (N), 35 kDa (GN), 

and 98 kDa (GC) were detected (Figure 10 E). UUKV and RVFV ∆NSs GFP were 

titrated by focus forming units (ffu) assays on BHK-21 cells, while for TOSV, 

RVFV wt, GERV, and SFV plaque forming units (pfu) titration assays were 

performed on BHK-21 cells. All viruses could be produced to high titers (Figure 10 F) 

allowing virus labeling. Using the titers obtained on BHK-21 cells, the multiplicity of 

infection (MOI) was calculated. 

Infection of cells with all viruses mentioned above could be detected by flow 

cytometry following immunostaining of infected cells. Figure 11 A represents an 

example of UUKV infection of A549 cells. It shows the gating strategy used for all 

following infection assays, if not stated differently. The fraction of UUKV-infected 

cells was detected by an immunofluorescent antibody raised against the UUKV N 

protein (8B11A3, in-house) followed by flow cytometry acquisition. Since 

RVFV ∆NSs GFP expressed GFP instead of NSs, infection levels were determined 

based on directly measured GFP fluorescence expression instead of 

immunostaining.  

To observe the replication kinetic of UUKV and to determine the suitable MOIs 

for different time frames, BHK-21 and A549 cells were infected with UUKV at an MOI 

of 0.1 and 0.5, respectively. Cells were then fixed after different time points to 

analyze infection levels by flow cytometry (Figure 11 B). In BHK-21 and A549 cells, 

the number of infected cells increased significantly after 8 h. While in A549 cells 

infection peaked at 24 hours post infection (hpi) with about 20% of infected cells, the 

proportion of UUKV-infected BHK-21 cells was still increasing until 48 hpi.  
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Figure 10. Characterization of arboviral particles. 
(A-E) After production from BHK-21 cells, virus particles were semi-purified and 
concentrated by ultracentrifugation through a 25% sucrose cushion. UUKV (A), 
RVFV ∆NSs GFP (B), TOSV (C), SFV (D), and GERV (E) viral proteins were separated 
by SDS-PAGE and visualized by Coomassie blue staining. For all bunyaviruses, the 
glycoproteins GN and GC, and the nucleoprotein N were visible, while for SFV the envelope 
proteins E1 and E2, and the capsid protein C were observable. (F) Titers after semi-
purification were determined by plaque forming units (pfu) (TOSV, GERV, SFV) or focus 
forming units (ffu) (UUKV, RVFV ∆NSs GFP) titration assay on BHK-21 cells. RVFV wt 
was not semi-purified, instead the infectious supernatant from producer cells was cleared 
of cell debris by centrifugation and then titrated by a pfu titration assay on BHK-21 cells. 
All data points and the median are depicted. 
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Figure 11. UUKV infection levels can be acquired by flow cytometry. 
(A) Representative gating strategy for UUKV infection of A549 cells starting with a cell gate 
in the forward scatter (FSC) sideward scatter (SSC) plot. Then, Alexa Fluor (AF) 488 
positive (infected) and negative (not infected) cells were distinguished based on their 
fluorescent signal. (B) A549 and BHK-21 cells were infected with UUKV at a multiplicity of 
infection (MOI) of 0.5 and 0.1, respectively. Infection was monitored over time by flow 
cytometry after immunofluorescent staining of the viral N protein in cells.  

 

 

2.1.2. Viral particle labeling 

After establishing production, concentration, titration, and flow cytometry-

based infection assays for the viruses, I aimed to fluorescently label viral particles. 

To this end, I labeled the viral glycoproteins with amine-reactive Alexa Fluor (AF)488 

and Atto488 N-Hydroxysuccinimide (NHS) esters. Fluorescent labeling of viral 

glycoproteins enables visualization of the virions during viral entry. For instance, 

fluorescently labeled virus particle binding, internalization, and trafficking can be 

analyzed and quantified by flow cytometric and microscopic approaches. Previously, 

my group established labeling protocols for the envelope glycoproteins of 

phleboviruses (156), which I used and adapted in this thesis to label UUKV, 

RVFV ∆NSs GFP, TOSV, GERV, and SFV.  
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In order to label viral particles with specific molecular ratios of viral 

glycoproteins to dye, the viral glycoproteins were semi-quantified. Three different 

volumes of a virus preparation and a serial dilution of bovine serum albumin (BSA) 

were separated by SDS-PAGE (Figure 12 A). By employing BSA as a reference 

scale after Coomassie blue staining, the concentration of glycoproteins in a virus 

preparation was estimated (Figure 12 B). Approximately 100 µg of glycoproteins GN 

and GC or E1 and E2 were labeled using AF488 or Atto488 NHS ester. The molecular 

ratios of viral glycoprotein to AF488 or Atto488 NHS ester were determined for each 

virus so that the best balance between infectivity and fluorescence signal brightness 

of viral particles was obtained. For this purpose, multiple molecular ratios were 

tested, and labeled particles were analyzed for infectivity and fluorescence emission. 

I aimed to prevent a drop in infectivity superior to 1 log, while preserving a 

fluorescence labeling detectable by flow cytometry and microscopy. The optimal 

ratios were 1:2 for UUKV, RVFV ∆NSs GFP, and TOSV, 1:3 for GERV, and 1:30 for 

SFV.  

Upon purification using a sucrose gradient, a visible band containing virus 

particles was extracted (Figure 12 C). AF488- or Atto488 labeling of viral 

glycoproteins resulted in a milky green band (left), while unlabeled purified virions 

were visible in a milky white band (right). Excess of the AF488 or Atto488 NHS ester 

was concentrated on top of the sucrose gradient. Labeled UUKV particles were 

again characterized for the structural proteins N, GN, and GC by Coomassie blue 

staining after SDS-PAGE (Figure 12 D). The infectious titer of labeled or unlabeled 

purified UUKV particles was determined by a ffu titration assay (Figure 12 E). In sum, 

glycoprotein labeling using NHS esters was successful and labeled viral particles 

were visible by immunofluorescence microscopy (data not shown). The labeling did 

not impair the infectivity of viral particles and the fluorescence was high enough for 

detection and the subsequent entry experiments. 
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Figure 12. Atto488 NHS ester labeled UUKV particles are infectious.  
(A) On an SDS-PAGE gel, Coomassie blue stained viral glycoproteins were semi-
quantified using a serial dilution of BSA. (B) Viral protein concentration was determined 
from the relative signals by a BSA standard curve obtained from the relative signals for 
the BSA serial dilution. (C) After labeling of the UUKV glycoproteins with AF488 or Atto488 
NHS esters, the labeled virions were purified through a sucrose gradient via 
ultracentrifugation. The colored band marked with the arrow contained the labeled UUKV 
particles and was extracted. (D) Labeled virus stocks were characterized on a Coomassie 
gel after sucrose gradient purification. (E) UUKV-Atto488 was titrated in a ffu titration 
assay. The graph shows all data points and the median. 
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2.1.3. UUKV production from the tick cell lines IDE-8 and IRE/CTVM-19 

As mentioned above, UUKV possesses different molecular characteristics 

(viral protein ratio, infectivity, N-glycosylation) depending on whether the virus is 

produced from tick or mammalian cells (150). Hence, I aimed to optimize the protocol 

previously employed by Mazelier et al. to produce and purify UUKV from tick cells in 

high quantities. IDE-8 (Ixodes scapularis) and IRE/CTVM-19 (Ixodes ricinus) tick 

cells showed viral permissiveness at very low MOIs and produced infectious UUKV 

particles (Figure 13 A). These data were consistent with other arboviruses such as 

RVFV, Bunyamwera virus (BUNV), and DENV in their arthropod vector-derived 

mosquito cells (157–159). I observed a persistent infection process for UUKV-

infected tick cells, which could be continuously kept in culture while producing viral 

particles for at least twelve weeks.  

In contrast to mammalian cells that could produce the virus in a much shorter 

period of time, I added fetal bovine serum (FBS) to the tick cells while producing 

UUKV as the cells started dying once serum was omitted. After semi-purification 

through a sucrose cushion, this led to additional biological material in the viral stocks 

detectable by additional bands after Coomassie blue staining (Figure 13 B). The 

SDS-PAGE analysis of the viral proteins GN, GC, and N confirmed the previously 

described results by Mazelier et al. indicating that tick cell-derived UUKV particles 

possess more glycoproteins in relation to N compared to mammalian cell-derived 

UUKV particles (Figure 13 B). In order to reduce the FBS concentration in the viral 

preparation and thereby removing the additional bands detected in the gel, I further 

purified UUKV virions over a sucrose gradient. This resulted in a cleaner pattern of 

viral proteins without further contaminant bands after SDS-PAGE and Coomassie 

blue staining (Figure 13 C).  

I could also confirm by western blotting that the in-house prepared polyclonal 

rabbit anti-UUKV (U2) antibody targeted not only the BHK-21 cell-derived, but also 

the IDE-8 cell-derived structural viral proteins GN, GC, and N (Figure 13 D). Sucrose 

gradient-purified UUKV produced from IDE-8 cells reproducibly revealed a titer of 

108-109 ffu/ml for individual productions (Figure 13 E). Overall, the tick cell lines 

IRE/CTVM-19 and IDE-8 both supported persistent UUKV infection. In this part, in 

addition to mammalian cells, I established protocols to produce UUKV stocks from 

tick cells with high titers and high purity, important for subsequent experimental 

procedures such as OMICS analyses and cryo-EM. 
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Figure 13. UUKV production from tick-derived IDE-8 cells. 
(A) The tick cell lines IDE-8 and IRE/CTVM-19 were infected with UUKV at an MOI of 
0.001 and the supernatant was harvested at the indicated days post infection. The 
infectious supernatant was titrated on BHK-21 cells to assess production of infectious viral 
particles from the tick cells. (B) UUKV produced from IDE-8 cells was semi-purified through 
a 25% sucrose cushion and structural viral proteins were visualized by Coomassie blue 
staining. (C) UUKV produced from IDE-8 cells and semi-purified was then further purified 
over a sucrose gradient. A milky band containing the virions was extracted and assessed 
by Coomassie blue staining. Two individual productions and purifications are depicted. 
Additionally, the supernatant from uninfected cells was purified simultaneously (mock). (D) 
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Western blotting using the U2 antibody targeting the UUKV proteins GN, GC, and N was 
tested for BHK-21 and IDE-8 cell-derived UUKV particles. (E) Titers of sucrose gradient-
purified UUKV stocks were determined on BHK-21 cells. The median is represented and 
the titers of nine distinct productions are shown as individual data points. 

 

 

2.2. Cryo-EM analysis of tick and mammalian cell-derived virions 

In collaboration with Martin Obr from the Florian Schur group (IST Austria), 

cryo-EM imaging of fixed purified UUKV particles derived from either mammalian- or 

arthropod cells was performed (Figure 14 A-D). In line with the above-mentioned 

increased glycoprotein to nucleoprotein ratio, it appeared that IDE-8 cell-derived 

virions were more densely decorated with glycoproteins. UUKV particles originating 

from IDE-8 tick cells exhibited a larger diversity in diameter and were on average 

smaller in size (Figure 14 E). The diameter was measured from membrane to 

membrane. UUKV produced in IDE-8 cells had a diameter median of 79 nm, while 

BHK-21 cell-derived virions were 86 nm in diameter. UUKV particle sphericity was 

explored by determining the aspect ratio of the longest and shortest membrane to 

membrane distance of each UUKV particle. The aspect ratios were similar 

regardless of the origin of producer cells and UUKV particles presented a roughly 

spherical shape (Figure 14 F).  

The viral preparation obtained from IDE-8 cells also contained particles with 

very small diameters of around 25 nm membrane to membrane distance, hereafter 

referred to as “mini-particles” (Figure 14 G). They possessed luminal densities which 

could correspond to nucleic acids and glycoproteins were visible on the particle 

surface. As the mini-particles were distinct in size and mostly present in the samples 

obtained from tick cells, they were not included for the particle size quantifications 

but instead quantified separately (Figure 14 H).  
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Figure 14. UUKV particles produced from IDE-8 cells are smaller than BHK-21-
derived virions.  
Purified viral particles produced from BHK-21 and IDE-8 cells were imaged by cryo-EM 
after fixation in 4% paraformaldehyde (PFA). Sample preparation for cryo-EM and data 
acquisition were performed by Martin Obr (Schur group, IST Austria). (A-B) Representative 
2D projection images of UUKV particles produced from BHK-21 cells. The scale bars 
correspond to 100 nm (A) and 20 nm (B). (C-D) Representative images of IDE-8 cell-
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derived UUKV particles. The scale bars correspond to 100 nm (C) and 20 nm (D). Yellow 
arrows (C) indicate “mini-particles” of approximately 25 nm diameter. (E) Quantification of 
UUKV particle diameter measured from membrane to membrane along the shortest and 
longest axes (n > 120 virions per sample from one experiment). Individual measurements 
and the median are depicted. (F) The sphericity of virions was determined by calculating 
the aspect ratio of the long and short axes of 37 UUKV particles per sample. (G-H) 
Particles with a diameter of around 25 nm were observed predominantly in IDE-8 cell-
derived viral stocks. (G) Representative 2D projection images of mini-particles derived 
from IDE-8 cells. The scale bar corresponds to 20 nm. (H) The proportion of “mini-
particles” from the total amount of particles isolated in a single UUKV preparation in 
percent. 

 

 

The glycoprotein coat appears to form a highly ordered lattice on the envelope 

of IDE-8 cell-derived UUKV particles (Figure 15 A, B). Preliminary subtomogram 

averaging of glycoproteins of a single virion (~80 nm) produced from IDE-8 cells 

indicated a hexameric motif with a central cavity on the surface of an UUKV particle 

(Figure 15 C). This suggested an icosahedron-like arrangement of the viral 

glycoproteins, reminiscent of the hexameric protrusions found on RVFV particles 

(160, 161). Further work will be required to determine the exact symmetry and to get 

representative high-detail structures of virions. In summary, UUKV particles 

produced in BHK-21 and IDE-8 cells revealed distinct morphological features that 

remain to be characterized for functional implications in the infectious entry. 
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Figure 15. Tomography of one IDE-8 cell-derived UUKV particle indicates that the 
glycoprotein coat forms ordered hexameric multimers.  
(A) A representative slice through a tomogram of IDE-8 cell-derived UUKV particles. The 
scale bar corresponds to 100 nm. (B) A near-to-surface slice through a tomogram showing 
the surface of an UUKV particle produced in IDE-8 cells. (C) Subtomogram average of 
extracted glycoproteins from a single virion. A cross-sectional slice revealing the lattice of 
densely packed hexameric glycoproteins and a side view along the glycoprotein shell as 
indicated by the yellow line are depicted. Cryo-electron tomography and subtomogram 
averaging was performed by Martin Obr (Schur group, IST Austria). 
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2.3. GBF1 as a proviral host factor of UUKV 

As I aimed to decipher the UUKV infection cycle in more detail, the next step 

was to explore host factors crucial for UUKV infection in mammalian cells. To this 

end, I focused on BHK-21 cell derived virions in all following experiments. The 

overarching aim will be to perform similar approaches for UUKV particles produced 

in tick cells in future projects with the ultimate goal to compare the results with those 

presented in my PhD thesis. In this section, host proteins interacting with the UUKV 

glycoproteins were identified in a proteomic MS screening assay performed in 

collaboration with Gisa Gerold and Lars Kühn (TWINCORE Hannover). 

 

2.3.1. UUKV glycoproteins interact with GBF1 

My collaborators carried out UUKV GN/GC affinity purification and subsequent 

label-free MS analysis to identify interaction partners of the viral glycoproteins. The 

flow of the experiments is depicted in Figure 16 A. Briefly, UUKV was bound to cells, 

immunoprecipitations with GN/GC were performed, and samples were digested and 

analyzed via liquid chromatography tandem MS (LC-MS/MS). The label-free 

quantification by delayed normalization and maximal peptide ratio extraction 

(MaxLFQ) algorithm was applied to compare biological quadruplicates and to 

evaluate the specificity of the UUKV GN/GC interactions (162).  

Employing a threshold of Welch’s t-test significance, 39 host proteins were 

shown to be significantly enriched, including the structural UUKV proteins GN, GC, 

N, and L (Figure 16 B). These 39 hits were analyzed by Gene Ontology category 

cellular component (GOCC) term analysis revealing that 77% of GN/GC co-purified 

and enriched host proteins were membrane annotated (Figure 16 C). Molecular 

network enrichment analysis using the Ingenuity Pathway Analysis software 

package (Qiagen) determined “Cellular Assembly and Organization” as the most 

abundant network. Hence, nine membrane-associated host proteins linked with this 

network (GBF1, Golgi phosphoprotein 3 (GOLPH3), Golgi phosphoprotein 3 like 

(GOLPH3L), methionyl-tRNA synthetase (MARS), SEL1L ERAD E3 ligase adaptor 

subunit (SEL1L), surfeit 4 (SURF4), transportin 3 (TNPO3), trafficking protein 

particle complex 2 like (TRAPPC2L), and voltage dependent anion channel 2 

(VDAC2)) and three proteins with the highest significance in the “Cellular Assembly 

and Organization” network (endoplasmic reticulum lectin 1 (ERLEC1), HEAT repeat 

containing 3 (HEATR3), and serum amyloid A like 1 (SAAL1)) were selected for 
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functional characterization during UUKV infection (Figure 16 D). The results of the 

Welch’s t-test for the viral and the selected proteins are shown in table 2. 

 

 
Figure 16. Host proteins interacting with the UUKV glycoproteins are identified by 
an immunoprecipitation followed by label-free protein mass spectrometry (MS).  
Data was jointly obtained in four individual experiments by Gisa Gerold and Lars Kühn 
(TWINCORE Hannover). (A) Schematic workflow of UUKV host factor detection. (B) A 
volcano scatterplot revealed 39 proteins that interacted with the UUKV GN/GC proteins. All 
significantly enriched host factors were depicted in green, while the viral proteins GN, GC, 
N, and RdRp (L) were represented in red. (C) Gene Ontology category cellular component 
(GOCC) term analysis was performed determining that most identified host factors were 
membrane annotated. (D) Twelve host proteins were chosen for follow up analysis by a 
small interfering RNA (siRNA) screening approach. The figure was modified from Uckeley, 
Moeller, et al. 2019 (163). 



40 

Table 2. Selected protein hits used for silencing screening approach. 

Gene names Welch’s t-test 
difference 

Welch’s t-test p-
value 

Welch’s t-test p-
value [-log10] 

UUKV N 10.86 2.49E-04 3.60 
UUKV GC 9.93 8.54E-05 4.07 
UUKV GN 9.39 2.54E-05 4.59 
UUKV RdRp 8.05 6.50E-05 4.19 
SAAL1 8.30 6.46E-05 4.19 
HEATR3 7.62 6.12E-07 6.21 
VDAC2 6.86 1.38E-06 5.86 
GOLPH3 6.49 6.39E-06 5.19 
TRAPPC2L 6.26 4.33E-05 4.36 
TNPO3 6.20 7.70E-04 3.16 
ERLEC1 4.94 6.57E-05 4.18 
GBF1 4.73 7.57E-05 4.12 
SEL1L 4.50 7.50E-05 4.12 

SURF4 4.39 8.37E-05 4.08 

GOLPH3L 4.14 2.39E-05 4.62 
MARS 3.80 5.70E-05 4.24 

 

2.3.2. Silencing of GBF1 reduces UUKV infection 

After MS analysis of host factors immunoprecipitated with UUKV GN/GC, the 

role of the twelve proteins ERLEC1, GBF1, GOLPH3, GOLPH3L, HEATR3, MARS, 

SAAL1, SEL1L, SURF4, TNOP3, TRAPPC2L, and VDAC2 for UUKV infection was 

further evaluated. A549 cells were first silenced for each of the identified host factors, 

using two non-overlapping small interfering RNAs (siRNAs) per protein (for the 

complete siRNA list, see table 3). Infection levels were determined 8 hpi, to limit 

infection to a single infectious cycle. After immunostaining using an antibody raised 

against the UUKV N protein, the samples were acquired by flow cytometry as 

described previously (2.1.1.). Independently of the used siRNA, GBF1 silencing 

resulted in 50% decreased UUKV infection (Figure 17 A). Additionally, a third non-

overlapping siRNA targeting GBF1 was included in western blot experiments which 

confirmed that silencing of this factor was efficient using each of the GBF1-specific 

siRNAs (Figure 17 B). Comparing the infection rates in GBF1-silenced and control 

siRNA transfected cells, a significant reduction of UUKV infection was observed 

(Figure 17 C). Furthermore, MARS silencing with one of the two applied siRNAs led 

to decreased UUKV infection (Figure 17 A). ERLEC1 and SEL1L silencing seemed 

to increase UUKV infection levels marginally (Figure 17 A). It would be interesting to 
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follow up on the involvement of these proteins in UUKV infection by validating 

silencing of MARS, ERLEC1, and SEL1L by western blotting and possibly testing 

the impact of silencing on UUKV infection by using more siRNAs. Collectively, from 

the siRNA screen, GBF1 appeared as a promising candidate playing a crucial role 

in UUKV infection. 

 

 
Figure 17. GBF1 silencing reduces UUKV infection in A549 cells. 
(A) A549 cells were silenced for twelve potential host factors with each two siRNAs and 
UUKV infection (MOI ~1) was monitored 8 hpi by flow cytometry. Data was obtained by 
the bachelor student Claudia Robens. (B) GBF1 silencing was confirmed by western 
blotting. The experiment was jointly conducted with the rotation student Yannik Voß. (C) 
UUKV infection reduction was validated in GBF1-silenced A549 using three different 
siRNAs. Experiments were performed with the rotation student Christian Sommerauer. 
The figure was published in Uckeley, Moeller, et al. 2019 (163). 
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2.3.3. GBF1 promotes infection of various RNA viruses 

After proving the importance of GBF1 for UUKV infection, I sought to assess 

whether the host factor also plays a role for other phenuiviruses. Thus, A549 cells 

silenced for GBF1 were infected with the closely related phenuiviruses 

RVFV ∆NSs GFP and TOSV. While TOSV infection was monitored by 

immunofluorescent antibody staining of the structural proteins, infection with 

RVFV ∆NSs GFP was directly monitored by GFP expression levels. Silencing led to 

~ 50% decreased infection for both tested viruses (Figure 18 A, B). The dependence 

of the positive-stranded RNA togavirus SFV on GBF1 was confirmed after detecting 

~ 30% reduced infection levels after GBF1 silencing (Figure 18 C). SFV-infected 

A549 cells were stained using a primary antibody raised against the viral envelope 

protein E2.  

Golgicide A (GCA), an inhibitor of GBF1-mediated intracellular vesicle 

trafficking, was used to determine dependency of viral infection on GBF1 activity by 

a complementary approach. In addition to UUKV infection of A549 cell, I also 

infected GCA-treated BHK-21 cells to account for cell-type specific artifacts. GCA 

inhibition of GBF1-dependent vesicle trafficking reduced UUKV infection in both cell 

lines (Figure 18 D). TOSV infection of A549 cells in the continuous presence of the 

drug was reduced by ~ 50% (Figure 18 E), while SFV infection levels were 

decreased by ~ 20% (Figure 18 F). To summarize the results, GBF1 seems to 

promote the infection of several RNA viruses that all replicate exclusively in the 

cytoplasm. 
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Figure 18. UUKV, TOSV, RVFV, and SFV infection is impaired upon GBF-1 inhibition 
or silencing. 
(A, B, C) A549 cells were silenced for GBF1 by two non-overlapping siRNAs. The effect 
of GBF1 silencing was assessed on TOSV (A, MOI ~ 2), RVFV ∆NSs GFP (B, MOI ~ 3), 
and SFV (C, MOI ~ 25) infection. Cells were harvested 8 hpi, fixed in 4% PFA, and 
acquired after immunofluorescent staining by flow cytometry. Indicated MOIs correspond 
to titers determined on BHK-21 cells. The results were jointly produced with the rotation 
students Christian Sommerauer and Martin Kampmann. (D) GBF1 in A549 and BHK-21 
cells was inhibited by GCA at the indicated concentrations and UUKV infection levels were 
monitored by flow cytometry. (E-F) GCA treatment of A549 cells was followed by TOSV 
(E) and SFV (F) infection and infection levels were explored by flow cytometry. The data 
was obtained together with the rotation student Martin Kampmann. The figure was adapted 
from Uckeley, Moeller, et al. 2019 (163). 

 

 



44 

2.3.4. GBF1 is not involved in infection with DNA viruses or retroviruses 

As all arboviruses which were tested in Figure 18 replicate in the cytoplasm, 

the role of GBF1 for viruses replicating inside the nucleus was further investigated. 

To assess the GBF1 involvement in the DNA virus human adenovirus type 5 

(HAdV-5) infection process, GBF1 was knocked-out (KO) using the clustered 

regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 

protein 9 (Cas9) system. By flow cytometry no difference of HAdV-5 infection in 

HEK 293T cells could be detected upon GBF1 KO (Figure 19 A). Moreover, the role 

of GBF1 was also examined for infection with the retrovirus HIV-1. Analysis of GCA-

treated TZM-bl cells indicated an unaltered secretion of infectious HIV-1 particles 

(Figure 19 B). The reverse transcriptase inhibitor efavirenz inhibited productive 

HIV-1 infection and served as a positive control. 

 

 
Figure 19. HAdV-5 and HIV-1 do not rely on GBF1 for infection.  
(A) The effect of GBF1 knockout in HEK293T cells was investigated for HAdV-5 infection. 
As a negative control, an empty vector was transfected. Infection levels were quantified 
by flow cytometry 48 hpi. The experiments were performed by Annasara Lenman 
(TWINCORE Hannover). (B) VSV-G-pseudotyped HIV-1 NL4.3 GFP (NL4.3 VSV-G), 
HIV-1 NL4.3 (NL4.3 authentic), HIV-1 Bal strain (Bal), HIV-1 isolate Yu-2 (Yu-2), and the 
transmitted/founder strain CHO.77t (T/F) were employed to infect TZM-bl cells for 48 h. 
TZM-bl cells were treated with GCA (2.5 µM), with efavirenz (20 nM), or with the solvent 
DMSO as a negative control. Infectious particle release from drug-treated cells was 
assessed by flow cytometry. Results were produced by Vania Passos (TWINCORE 
Hannover). The figure was adapted from Uckeley, Moeller, et al. 2019 (163). 
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2.3.5. UUKV replication and viral particle release rely on GBF1 

I previously showed that GBF1 is important for the phenuiviruses UUKV, 

RVFV, and TOSV, as well as for the togavirus SFV. In order to further elucidate 

which step of UUKV infection is influenced by GBF1, GBF1 was silenced in target 

cells and specifically analyzed different individual infection steps, namely virus entry, 

replication, and egress (Figure 3). UUKV particles were fluorescently labeled with 

AF488 (UUKV-AF488) as described in section 2.1.2. and bound to A549 cells on ice 

to prevent internalization (64). After 2 h unbound virions were washed away, and 

UUKV-AF488 particles bound to target cells were monitored by flow cytometry. No 

difference in binding capacity was revealed upon GBF1 silencing in target cells 

(Figure 20 A).  

Following the entry route of UUKV, uptake of the virus into the siRNA-treated 

A549 cells was assessed next. After UUKV-AF488 binding on ice, A549 cells were 

incubated at 37°C to allow virus endocytosis (52, 64). Afterwards trypan blue was 

used to quench AF488 signal on the outside of the cell. This enabled to discriminate 

between bound and internalized UUKV particles by a flow cytometry-based assay 

(Figure 20 B). As trypan blue is not cell permeable, the fluorescent signal of already 

internalized labeled virions did not change. I calculated the fraction of internalized 

UUKV particles from the total bound particles showing that the uptake of UUKV into 

A549 cells remained unaltered upon GBF1 silencing (Figure 20 C).  

To delineate the effect of GBF1 during endocytic trafficking and fusion, I 

performed an assay where viral fusion was forced at the plasma membrane by 

adding a low pH buffer. Thereby endocytic trafficking was bypassed. Additionally, 

endosomal fusion of UUKV was inhibited by applying 50 mM NH4Cl which prevents 

acidification of endosomes during maturation. Uncoupling trafficking of UUKV 

particles in the endosomes from infection did not change the effect of GCA, 

suggesting that GBF1 was not involved in UUKV trafficking (Figure 20 D). 
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Figure 20. GBF1 is not involved in UUKV entry. 
(A) Fluorescently labeled UUKV (UUKV-AF488) was bound to GBF1-silenced A549 cells 
on ice for 2 h and virus binding was assessed by flow cytometry. Data was obtained by 
the bachelor student Claudia Robens. (B, C) After binding to GBF1-silenced A549 cells, 
UUKF-AF488 internalization was enabled for 30 min at 37°C. Trypan blue was applied to 
quench fluorescence on the cell surface (i.e., cell surface-bound UUKV-AF488), while the 
fluorescent signal of internalized particles was not quenched. (C) Using the mean 
fluorescence intensities of each sample ± trypan blue, the fraction of internalized virions 
was calculated. (D) To assess the role of GBF1 in trafficking and fusion of UUKV, virus 
trafficking across the endocytic route was bypassed by low pH treatment. Applying a buffer 
with pH 5 to virus particles bound to the plasma membrane (PM) for 90 s at 37°C, leads 
to rapid UUKV fusion directly at the plasma membrane. Adding of NH4Cl prevents 
endosomal acidification and thereby hampers UUKV fusion from late endosomal 
compartments (64). Results were normalized to treatment with 0 µM GCA and values 
indicate means ± SEM from two independent infection assays The figures 20 A and C 
were published in Uckeley, Moeller, et al. 2019 (163). 
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To assess whether GCA treatment hampers UUKV replication, I developed a 

minigenome system as a replication model. Based on the previously published 

reverse genetics system for UUKV (150), BHK-21 cells were transfected with two 

plasmids containing the full length anti-genomic RNA segments S or L of UUKV 

under the control of the cellular Pol I promoter (Figure 21 A). Segment S encoded 

the nucleoprotein N and was genetically engineered to express GFP instead of the 

non-structural NSs protein (Figure 21 B) and the L segment coded for the RdRp. 

The M segment was omitted as it encodes the glycoproteins important for viral 

assembly and propagation (30). As the RdRp and the N protein are crucial for viral 

replication, expression plasmids coding for the RdRp and the nucleoprotein N under 

the control of a CMV promoter were co-transfected to initiate transcription and 

replication (Figure 21 A). Thereby, transcription and replication of the anti-genomic 

UUKV RNAs into messenger RNAs (mRNAs) could be monitored by GFP 

expression using flow cytometry in this assay. No GFP signal was detected in the 

absence of the RdRp expression plasmid, confirming the assay's specificity to 

monitor UUKV replication exclusively. In BHK-21 cells treated with 10 µM GCA, the 

GFP signal decreased by ~ 3-fold compared to the solvent control (Figure 21 C).  

To evaluate the role of GBF1 for UUKV particle assembly and release, a UUKV 

virus-like particle (VLP) assay was adapted to solely focus on assembly and release, 

without the influence of viral replication. Expression plasmids for the glycoproteins 

and the N protein were transfected into BHK-21 cells, and GCA was added 24 h post 

transfection (hpt) to inhibit GBF1 activity. After ~17 h GCA treatment, the UUKV 

glycoproteins present inside the cells (cell lysates) versus outside the cells (released 

into supernatant) were evaluated by western blot analysis (Figure 21 D). In 

GCA-treated cell, less glycoproteins were released compared to solvent-treated 

cells. Taken together, these assays revealed that GBF1 did not play a role for UUKV 

entry but rather in UUKV replication, assembly, and egress. 
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Figure 21. GBF1 plays a role during UUKV replication and particle release 
(A) The previously published reverse genetics system for UUKV (150) was adapted to 
obtain a replication model for UUKV. (B) The UUKV RNA segment S was depleted of NSs 
and GFP was introduced to enable a simple readout for replication. (C) The adapted 
reverse genetics system from (A) was employed to assess UUKV replication in the 
presence and absence of GCA. (D) Western blot analysis monitored UUKV glycoproteins 
inside cell lysates and released into the cytoplasm after 10 µM GCA treatment. (E) UUKV 
glycoprotein release from (D) was quantified. (D-E) Experiments were performed by Emma 
Nilsson (Overby group, Umeå University). The figure was adapted from Uckeley, Moeller, 
et al. 2019 (163). 
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2.4. GlcCer is required for UUKV binding to target cells 

2.4.1. UUKV infection increases HexCer levels 

As mentioned in the introduction (1.7.), besides host proteins, lipids in 

enveloped viruses and target cells can also play a role during viral infections. The 

above characterized host factor for UUKV, GBF1, is present in the Golgi network 

where UUKV buds and acquires its host-derived lipid envelope (82, 91). From these 

observations, we sought to investigate the lipidome of mammalian cell-derived 

UUKV particles and of UUKV-infected BHK-21 cells by lipid MS through a 

collaboration with Britta Brügger (BZH Heidelberg).  

The lipid expression of uninfected BHK-21 cells was compared to UUKV-

infected cells and to complete virions (Figure 22 A). BHK-21 cell were infected with 

UUKV at an MOI of 0.1 for 48 h to ensure several infectious rounds as one round of 

UUKV infection takes roughly 7 h in BHK-21 cells (64). Uninfected and infected cells 

were then scraped of in methanol (MeOH) and total cell lysates were analyzed by 

lipid MS without further membrane fractionation. The phospholipids PC, PE, PS, PI, 

phosphatidylglycerol (PG), phosphatidic acid (PA), and lysophosphatidylcholine 

(LPC) had similar expression levels in UUKV-infected and not infected cells. The 

levels of cholesterol, SM, and the neutral lipids cholesteryl ester (CE), diacylglycerol 

(DAG), and triacylglycerol (TAG) also did not change upon UUKV infection.  

Comparing HexCer levels in UUKV-infected to uninfected BHK-21 cells, I 

observed a ~ 5-fold enrichment in infected cells (Figure 22 A). Due to their structural 

similarities, in the lipid MS analysis, the HexCers GlcCer and GalCer could not be 

distinguished. They are both lipid intermediates that are further metabolized to 

complex GSLs. The enrichment of HexCer after UUKV infection was of particular 

significance, as the neighboring intermediates in this pathway, namely Cer upstream 

and dihexosylceramide (Hex2Cer) downstream were not altered upon infection 

(Figure 8, Figure 22 A).  

Exploring the lipidome of UUKV-infected BHK-21 cells (Figure 22 B), I could 

show that with ~ 83%, phospholipids together with LPC and SM made up the biggest 

fraction of lipids present in the infected cells. Cholesterol constituted to ~ 10% of the 

cellular lipidome, while neutral lipids accounted for ~ 4%. Cer and Hex2Cer 

remained below 1% in UUKV-infected BHK-21 cells, while HexCer was increased to 

~ 3%. Collectively, these data demonstrate an upregulation of HexCer in BHK-21 
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cells upon UUKV infection, suggesting that UUKV infection interferes with the GSL 

metabolism pathway. 

 

 
Figure 22. Lipidome analysis of UUKV-infected BHK-21 cells reveals enriched 
HexCer levels. 
Lipid MS was performed by Magalie Mazelier in collaboration with Britta Brügger (BZH 
Heidelberg). (A) In a lipidomic screening approach, uninfected BHK-21 cells were 
compared to UUKV infected BHK-21 cells. (B) Lipid distributions in infected BHK-21 cells 
from A were depicted in a pie chart. Phospholipids include PC, PE, PS, PI, PG, PA, LPC, 
and additionally SM, while neutral lipids contain CE, DAG, and TAG.  
aPC, diacyl phosphatidylcholine; ePC, ether phosphatidylcholine; aPE, diacyl 
phosphatidylethanolamine; ePE, ether phosphatidylethanolamine; PS, 
phosphatidylserine; PI, phosphatidylinositol; plPE, plasmalogen 
phosphatidylethanolamine; Chol, cholesterol; SM, sphingomyelin; LPC, 
lysophosphatidylcholine; PG, phosphatidylglycerol; PA, phosphatidic acid; Cer, ceramide; 
HexCer, hexosylceramide; Hex2Cer, dihexosylceramide; CE, cholesteryl ester; DAG, 
diacylglycerol; TAG, triacylglycerol. 
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2.4.2. UUKV infection is reduced upon silencing or inhibition of UGCG 

Given that HexCer was enriched in the UUKV-infected cells, I next explored 

the role of GlcCer during UUKV infection. GlcCer is a HexCer that serves as the 

primary precursor for membrane GSLs. GlcCer is synthesized and further 

metabolized at the Golgi apparatus, which involves UGCG, the enzyme synthesizing 

GlcCer. In the first approach, I aimed to silence UGCG to assess the effect of GlcCer 

depletion for UUKV infection. To this end, I designed two non-overlapping siRNAs 

and reversely transfected BHK-21 cells 72 h before infection. Silencing of UGCG 

was confirmed via western blot analysis of transfected cells stained with an antibody 

targeting UGCG (LS Bio) showing a reduction of UGCG expression by more than 

60% (Figure 23 A, B). Consistent with the silencing of UGCG, dot blot analysis of 

GlcCer in the siRNA-treated cells using an antibody targeting the lipid (Antibody 

Research) confirmed a decrease of GlcCer expression by at least 60% (Figure 

23 C, D).  

After proving successful silencing of GlcCer, I infected the siRNA-treated 

BHK-21 cells three days post transfection at an MOI of 0.1. Infected cells were fixed 

24 hpi and then stained with an antibody recognizing the UUKV N protein. Infection 

levels were evaluated by flow cytometry revealing that UUKV infection of UGCG 

silenced cells decreased by roughly 60% compared to the control transfected cells 

(Figure 23 E). To summarize, these results indicate a role for UGCG and/or the lipid 

GlcCer during UUKV infection. 
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Figure 23. Silencing of glucosylceramide synthase (UGCG) reduced UUKV infection 
in BHK-21 cells.  
BHK-21 cells were reversely transfected with two non-overlapping siRNAs targeting 
UGCG and a non-targeting siRNA (scrambled) served as a control. (A, B) siRNA silencing 
of UGCG was confirmed by western blotting (WB) and semi-quantified using the Image 
Studio Lite software (LiCOR). (C, D) Dot blot (DB) analysis of GlcCer upon UGCG 
silencing in BHK-21 cells was performed and semi-quantified with the Image Studio Lite 
software (LiCOR). As in B and D the individual experiments were performed in technical 
monoplicates, no SEM could be depicted for the scrambled siRNA after normalization. (E) 
72 hours post transfection (hpt), BHK-21 cells were infected with UUKV at an MOI of 0.1. 
UUKV infection levels were assessed 24 hpi by flow cytometry in UGCG-silenced BHK-21 
cells.  
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To further document the importance of UGCG and GlcCer for UUKV infection, 

I used a complementary approach where pharmacological inhibition of UGCG was 

followed by UUKV infection. DL-threo-1-Phenyl-2-palmitoylamino-3-morpholino-1-

propanol (PPMP) is a Cer analogue that specifically inhibits UGCG activity (164–

166). First, I determined the maximal concentration of PPMP for which the drug does 

not induce cytotoxicity in target cells. For this purpose, I measured the release of 

lactate dehydrogenase (LDH) upon PPMP treatment. LDH is released into the 

supernatant of dying cells and can be quantified in a colorimetric assay (CytoTox 

96® Non-Radioactive Cytotoxicity Assay, Promega). Up to 5 µM PPMP did not 

induce cytotoxicity in BHK-21 or A549 cells, while 50 µM PPMP induced LDH 

release, serving as a positive control in this assay (Figure 24 A). Therefore, in all 

following experiments, I limited the concentration of PPMP to a maximum of 5 µM.  

I then aimed to determine whether the non-cytotoxic concentrations were 

sufficient to block UGCG activity. To this end, cells were subjected to 2.5 µM and 

5 µM PPMP for 16 h and subsequently exposed to UUKV at an MOI of 0.1 in the 

continuous presence of the drug. The infected cells were again assessed by lipid 

MS analysis 24 hpi. PC, PE, PS, PI, PA, LPC, cholesterol, and SM levels remained 

unaltered upon PPMP treatment, demonstrating that PPMP treatment did not 

unspecifically alter the host cell lipidome (Figure 24 B). Moreover, I could confirm 

the downregulation of HexCer levels in infected BHK-21 cells already after 2.5 µM 

PPMP treatment (Figure 24 C). Additionally, GlcCer expression was detected with 

the anti-GlcCer antibody in dot blot analysis after PPMP treatment, verifying 

decreased GlcCer levels upon UGCG inhibition (Figure 24 D, E). Together, these 

results indicate that the HexCer enrichment upon UUKV infection (Figure 22), can 

be counteracted by the GlcCer-specific inhibitor UGCG. This observation further 

indicated an enrichment of GlcCer upon UUKV infection. 
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Figure 24. Blocking GlcCer metabolism by inhibiting UGCG decreases HexCer 
levels after UUKV infection. 
(A) The lactate dehydrogenase (LDH) release was measured in BHK-21 and A549 cells 
after treatment with up to 5 µM PPMP. The lined bars represent positive controls with a 
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high concentration of PPMP, which induces LDH release and was not used for follow-up 
assays. The experiments were performed in two replicates. (B, C) Lipid MS analysis of 
UUKV-infected cells after 2.5 µM PPMP treatment. Lipid MS results were obtained by 
Britta Brügger and Christian Lüchtenborg (BZH Heidelberg). (D, E) Dot blot analysis of 
GlcCer was performed in PPMP-treated and UUKV-infected BHK-21 cells. As in E the 
individual experiments were performed in technical monoplicates, no SEM could be 
depicted for the control treatment after normalization. 

 

 

After validating reduced GlcCer levels in UUKV-infected BHK-21 cells after 

PPMP treatment, the next step was to assess whether UGCG inhibition alters UUKV 

infection. PPMP-treated BHK-21 cells were infected with UUKV at an MOI of 0.1 for 

up to 24 h before flow cytometric analysis of infection levels (Figure 25 A). UUKV 

infection was decreased by PPMP treatment in a dose-dependent manner. Similar 

results were obtained in A549 cells, suggesting that the dependence of UUKV on 

GlcCer for infection was not limited to BHK-21 cells (Figure 25 B). Furthermore, I 

tested the effect of N-[2-hydroxy-1-(4-morpholinylmethyl)-2-phenylethyl]-

decanamide (PDMP), another Cer analogue hampering UGCG activity, on UUKV 

infection (Figure 25 C). Consistent with the results obtained using PPMP, UUKV 

infection in BHK-21 cells was reduced with increasing concentrations of PDMP.  

To complete the previous approach, I assessed the effect of the UGCG 

inhibitors N-Butyldeoxynojirimycin (NB-DNJ) and N-Butyldeoxygalactonojirimycin 

(NB-DGJ) on UUKV infection. In contrast to the ceramide analogues PPMP and 

PDMP, NB-DNJ and NB-DGJ are two glycan analogues that inhibit UGCG activity 

(167–169). When BHK-21 cells were pretreated with NB-DNJ or NB-DGJ for 24 h 

prior to the exposure to UUKV for 24 h, both glycan analogues inhibited UUKV 

infection in a dose-dependent manner (Figure 25 D). 

From the four different inhibitors of UGCG tested here, all of them reduced 

UUKV infection to a similar extent. For this reason, PPMP was used for follow-up 

experiments targeting to explore the role of GlcCer on the viral envelope. Although 

it cannot be completely excluded that GalCer might contribute to UUKV infection, 

my data supports the view that the major effects of HexCer enrichment upon UUKV 

infection can be attributed to GlcCer. 
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Figure 25. Inhibition of UGCG reduces UUKV infection levels in BHK-21 and A549 
cells.  
(A) BHK-21 cells were pretreated with the UGCG inhibitor PPMP for 16 h at the indicated 
concentrations and then infected with UUKV for up to 24 h in presence of the drug. 
Infection levels were monitored by flow cytometry after immunofluorescent staining of the 
viral N protein. (B) UUKV infection levels 8 hpi were assessed in A549 cells that were 
previously treated with the indicated concentrations of PPMP for 16 h. (C) PDMP 
pretreatment of BHK-21 cells for 16 h was followed by UUKV infection for 24 h. (D) BHK-21 
cells were pretreated with NB-DNJ and NB-DGJ for 24 h and subsequently infected with 
UUKV for 24 h in presence of the inhibitors. UUKV infection levels were measured by flow 
cytometry. 
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2.4.3. The release of infectious UUKV virions is decreased by PPMP treatment 

My results suggest that GlcCer is involved in UUKV infection. To pursue this 

possibility, I next sought to determine the step of the viral life cycle that requires 

GlcCer. Therefore, I aimed to characterize viral progeny produced in the absence of 

GlcCer. Supernatants from UUKV-infected cells in the presence of PPMP were 

harvested 24 hpi and used to infect freshly plated BHK-21 cells, i.e., not previously 

exposed to the virus or the inhibitor, for 8 h. In BHK-21 cells, no more than one round 

of infection is performed by UUKV within 8 h (64), meaning that only the input viral 

particles account for the observed infection levels in this assay. Infectious 

supernatants obtained from cells treated with PPMP led to a significantly lower 

infection of freshly plated BHK-21 cells than the mock-treated supernatant (Figure 

26 A). To further assess the titer of UUKV particles produced in the presence of 

2.5 µM PPMP, I titrated the cell supernatant using a standard ffu titration assay. The 

infectious supernatant released from PPMP-treated cells was about 90% less 

infectious than the one from untreated cells (Figure 26 B).  

These results raised the questions whether PPMP treatment influences the 

total number of UUKV particles that are produced, or if it reduces the infectivity of 

individual virions. To address these questions experimentally, I evaluated the 

quantity of the viral proteins GN, GC, and N associated with the supernatant of UUKV-

infected BHK-21 cells by western blot analysis. The total amount of these structural 

viral proteins correlates with the total number of released viral particles in the 

supernatant of infected cells, i.e., the sum of infectious and defective particles. When 

producer cells were exposed to 2.5 µM PPMP during UUKV infection and production, 

I observed a reduction of ~50 % of UUKV proteins in the supernatant (Figure 26 C, 

D). However, the decrease was significantly lower than the massive decrease of the 

titer determined in Figure 26 B (~ 90%). Therefore, the decline in infectivity could not 

only be explained by the reduction in the total number of virions. Indeed, the ratio of 

infectious virions to total released UUKV virions was lowered by ~ 80% when 

produced in the presence of PPMP, illustrating that virus particles were largely 

defective when produced in cells lacking physiological levels of GlcCer (Figure 

26 E). Taken together, this analysis demonstrated that the infectivity of produced 

UUKV particles strongly depends on GlcCer.  
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Figure 26. A lack of GlcCer in the producer cells leads to decreased infectivity of 
offspring UUKV particles. 
(A) BHK-21 cells were infected with the infectious supernatant harvested from PPMP-
treated and UUKV-infected BHK-21 cells 24 hpi. (B) Infectious titers of produced UUKV 
stocks produced in the presence or absence of the UGCG inhibitor PPMP was determined 
by a ffu titration assay. (C, D) Immunoblotting of the viral supernatant was performed to 
assess the total amount of produced and released UUKV particles in the presence or 
absence of 2.5 µM PPMP. The bars in D represent the relative intensities of GN, GC, and 
N summed together from the supernatants blotted in C. As in D the individual experiments 
were performed in technical monoplicates, no SEM could be shown for the control 
treatment after normalization. (E) The ratio of infectious virions (ffu) per total viral structural 
protein amount revealed that UUKV particles released from cells lacking GlcCer were less 
infectious. 
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2.4.4. GlcCer is incorporated into the UUKV particles 

As GlcCer seems to play a role for infectivity of UUKV particles, I sought to 

explore whether GlcCer is present in the virions. Therefore, the lipidome of UUKV 

particles was analyzed by lipid MS in a single experiment. The supernatant of not 

infected BHK-21 cells was concentrated and purified in parallel to the viral particles 

and acquired as a control (Figure 27). Overall, the lipid concentrations especially in 

the purified control supernatant were very low and the experiment needs to be 

optimized and repeated. The level of plasmalogen PE (plPE) was too low to be 

detected in the analysis of viral particles. Preliminary analysis of a single virus stock 

showed a ~ 2.5-fold enrichment of HexCer in virions compared to the purified control 

supernatant (mock). Phospholipids were generally enriched in the viral particles 

compared to the purified control supernatant (Figure 27 A).  

Comparing the lipidome of UUKV-infected BHK-21 cells with the lipidome of 

the virions (Figure 22 B and 27 B), it became obvious that less phospholipids than 

present in the cells (~ 83%), were incorporated into the particles (~ 48%). As 

mentioned previously, the expression of SM was not enriched in UUKV infected 

cells, but it was present at a higher fraction in the viral particles (~ 10%) than in the 

producer cells (~ 3%) (Figures 22 A and 27 A). Moreover, an enrichment of HexCer 

was detected in UUKV particles, making up ~ 6% of the virion’s lipidome, while Cer 

and Hex2Cer remained below 1% (Figure 27 B). The incorporation of HexCer into 

the UUKV particles together with the decreased infectivity of virions produced in cells 

lacking GlcCer, suggests that GlcCer in the viral envelope is involved in the infection 

process of UUKV. 
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Figure 27. Lipidome analysis of UUKV particles reveals enriched HexCer levels. 
Lipid MS was performed by Magalie Mazelier in collaboration with Britta Brügger (BZH 
Heidelberg). (A) In a lipidomic MS screening approach, the lipid distributions in UUKV 
particles were compared to the purified control supernatant of not infected cells treated in 
the same way as the virions (mock). (B) The lipidome of virions from A were depicted in a 
pie chart. Phospholipids include PC, PE, PS, PI, PG, PA, LPC, and additionally SM, while 
neutral lipids contain CE, DAG, and TAG. The virus particle lipidome analysis was 
determined in a single experiment and will be repeated in the future. 
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2.4.5. UUKV binding is supported by GlcCer present in viral particles 

Previously, I demonstrated that GlcCer is essential for the infectivity of 

produced virions and proposed that GlcCer is present in the viral envelope. This 

suggests that GlcCer could facilitate the early steps of infection, most likely viral 

entry into target cells. Therefore, I first examined the possibility that GlcCer promotes 

virus attachment to target cells. To this end, UUKV produced in the presence or 

absence of 2.5 µM PPMP was bound to BHK-21 cells on ice. To ensure the same 

numbers of total viral particles, i.e., sum of infectious and defective virions, the input 

of viral particles in this assay was not normalized by MOI, but instead based on the 

UUKV N protein. Virus binding was evaluated by SDS-PAGE and subsequent 

western blotting after several washing steps. The amount of UUKV N protein bound 

to target cells was measured and revealed that the number of cell-bound viral 

particles was reduced by ~ 60-70% when lacking GlcCer in their envelope (Figure 

28 A, B). 

To exclude that the block in virus binding was due to a default of incorporation 

of the glycoproteins GN and GC in viral particles when UUKV is produced in the 

presence of PPMP, I determined the ratios of glycoproteins to N protein in the virions 

by western blot analysis (Figure 28 C). This ratio should not change if the structural 

organization of virions is preserved, and the presence of GlcCer had no statistically 

significant impact on the glycoprotein to N protein ratio in viral particles. The UUKV 

glycoproteins GN and GC have four N-glycans each. These oligosaccharides were 

previously demonstrated to be involved in interactions with viral receptors, namely 

DC-SIGN (52, 53). Hence, I tested the hypothesis that GlcCer depletion in virions 

has no impact on N-glycosylation of the viral glycoproteins and cannot account for 

the block in virus attachment to target cells. To do so, GN and GC were subjected to 

treatment with endoglycosidase H (Endo H) and peptide N-glycosidase F (PNGase 

F). While Endo H cuts chitobiose cores of mannose glycans, PNGase F cleaves 

aspargine residues. Viral glycoproteins were then analyzed by western blot using 

specific antibodies against GN and GC (Figure 28 D). No differences in the N-glycan 

residues of the glycoproteins could be detected. These results showed that the lack 

of GlcCer does not impact the N-glycosylation of the viral glycoproteins, and 

therefore, that the decrease in binding of UUKV lacking GlcCer is not due to the 

N-glycans exhibited on GN and GC.  
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Figure 28. Virus binding of UUKV particles lacking GlcCer is hampered.  
UUKV particles were produced in BHK-21 cells treated with PPMP. (A, B) Target cells 
were exposed to virions for 2 h on ice and virus binding was evaluated by western blot 
analysis (A) and semi-quantified using Image Studio Lite software (LiCOR) (B). Input virus 
was normalized to the N protein. (C) The ratio of glycoprotein to N protein in viral particles 
released from PPMP-treated BHK-21 cells was monitored by western blotting. (D) The N-
glycans of UUKV GN/GC proteins were digested by endoglycosidase H (Endo H) and 
peptide N-glycosidase F (PNGase F) treatment, and the N-glycosylation patterns were 
assessed by western blotting using antibodies raised against the viral glycoproteins. A 
representative western blot is shown. 
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To validate the dependence of UUKV on GlcCer for virus binding, I used a 

complementary approach and performed a binding competition between a soluble 

short-chain version of GlcCer (C6-GlcCer) and UUKV-Atto488. Fluorescently 

labeled UUKV particles were allowed to bind to BHK-21 cells pretreated with 

C6-GlcCer (Figure 29 A). Binding of UUKV-Atto488 to BHK-21 cells was monitored 

by flow cytometry (Figure 29 B). Consistent with the previous data, competition of 

UUKV-Atto488 with C6-GlcCer led to a decrease in virus binding to both, BHK-21 

and A549 cells in a concentration-dependent manner (Figure 29 C). Previously it 

was described that DC-SIGN, a human CLR, functions as an endocytic receptor for 

UUKV (52, 53). DC-SIGN binds to the N-glycans carried by GN and GC. Cells 

expressing DC-SIGN should thus be competent to bind UUKV regardless of the 

presence of GlcCer in the viral envelope. This represents an interesting model to 

test the specific dependence of UUKV binding on GlcCer in cells lacking DC-SIGN 

expression. Therefore, I stably expressed DC-SIGN in BHK-21 cells (Figure 29 D) 

and assessed the influence of DC-SIGN expression in a binding competition assay 

involving UUKV particles and C6-GlcCer. I found that pre-binding of C6-GlcCer to 

BHK-21 cells stably expressing DC-SIGN did not impair UUKV-Atto488 binding, 

starkly contrasting with the BHK-21 cells that do not express DC-SIGN (Figure 29 C). 

Interestingly, UUKV-Atto488 binding to parental HeLa cells, an epithelial cell line that 

does not express DC-SIGN or L-SIGN, was not impaired by C6-GlcCer pre-binding 

(Figure 29 C). This means, in contrast to A549 and BHK-21 cells, soluble C6-GlcCer 

does not compete with UUKV binding in HeLa cells. 

In a similar approach I bound C6-GlcCer to cells on ice and subsequently 

added UUKV at an MOI of 0.5. After the cells were exposed to UUKV for 1 h on ice, 

media was exchanged to remove unbound virus particles. Infection was allowed to 

proceed for 8 h at 37°C and infection levels were analyzed by flow cytometry using 

an antibody staining of the N protein in infected cells as readout. Similar to the 

binding competition assays, UUKV infection was reduced when the cells were 

saturated by C6-GlcCer binding (Figure 29 E). Altogether, these findings support the 

hypothesis that GlcCer in the UUKV envelope serves as a host-derived viral lipid 

attachment factor important for UUKV binding. 
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Figure 29. C6-GlcCer competes with UUKV-Atto488 for binding to BHK-21 and A549 
cells. 
(A) The binding competition workflow was as follows: C6-GlcCer was prebound to cells 
and then UUKV-Atto488 was added. UUKV-Atto488 binding was detected by flow 
cytometry. The scheme was generated in BioRender. (B) Binding of UUKV-Atto488 to 
untreated BHK-21 cells on ice for 1 h resulted in an increase of the mean fluorescence 
signal intensity as visualized in the histogram. (C) Indicated concentrations of C6-GlcCer 
were bound to BHK-21 cells, A549 cells, BHK-21 cells stably expressing DC-SIGN, and 
HeLa MZ cells on ice for 2 h. Subsequently, UUKV-Atto488 was added for 1 h on ice and 
virus binding was assessed by flow cytometry after washing away unbound virions. (D) 
Expression of DC-SIGN in BHK-21 cells was confirmed with immunostaining with an 
antibody raised against DC-SIGN prior to by flow cytometry analysis. (E) BHK-21 cells 
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were treated with the indicated concentrations of C6-GlcCer on ice followed by UUKV 
binding for 1 h. Not attached C6-GlcCer and unbound viral particles were washed away, 
and infection was allowed for 8 h at 37°C. UUKV infection was detected by flow cytometry. 

 

2.4.6. Receptors that recognize UUKV through GlcCer remain to be identified 

CLRs interact with carbohydrate groups and as such, appear as interesting 

potential receptors for GlcCer through the glucose residue carried by this lipid. To 

investigate this possibility, I tested 14 murine CLRs for their capacity to bind UUKV 

particles in an enzyme-linked immunosorbent assay (ELISA)-based experiment 

(Figure 30 A). The plates were coated with UUKV particles, the soluble CLRs were 

added, and antibody staining assessed CLR binding. The human CLRs DC-SIGN 

and L-SIGN, which act as an entry receptor and attachment factor for UUKV, 

respectively, served as positive controls (52, 53). The relative absorption values for 

virus binding obtained from the ELISA assay, were normalized to UUKV binding to 

DC-SIGN. In addition, Dectin-1, Dectin-2, specific intercellular adhesion molecule-

3-grabbing nonintegrin-related 1 (Sign-R1), Sign-R3, DC immunoactivating receptor 

(DCAR), Langerin (C-type Lectin Domain Family 4 Member K, Clec4K), MICL (C-

type lectin domain family 12 member A, Clec12A), C-Type Lectin Domain Family 12 

Member B (Clec12B), macrophage galactose-type lectin (MGL-1), and macrophage 

inducible C-type lectin (Mincle) showed greatly increased binding to UUKV particles 

compared to binding to the mock-control in this assay (Figure 30 A). Interestingly, 

the CLR Mincle was previously described to interact with GlcCer, rendering Mincle 

an interesting hit for follow-up studies on receptors of GlcCer in the UUKV envelope 

(170). Mincle is a Ca2+-dependent receptor that is present on monocytes, 

macrophages, and DCs (Matsumoto et al., 1999).  

To confirm the involvement of Mincle in viral particles binding processes, a 

new virus-cell binding assay was established. Murine bone marrow cells (mBMCs) 

kindly provided by Bernd Lepenies were differentiated into bone marrow-derived 

dendritic cells (mBMDCs), which express cluster of differentiation (CD)11c (Figure 

30 B). Binding of UUKV-Atto488 to mBMDCs resulted in similar binding efficiency of 

UUKV to wt and Mincle KO cells suggesting that either Mincle does not play a role 

in UUKV binding or that other CLRs can take over a potential Mincle-specific function 

(Figure 30 C). The identity of UUKV receptors that can recognize GlcCer in the 

UUKV envelope thus remain to be investigated. 
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Figure 30. An ELISA-based screen suggests UUKV binding to Mincle. 
(A) In collaboration with Kathleen Schön (Lepenies group, University of Veterinary 
Medicine Hannover), a CLR fusion protein library was screened for UUKV interactions. 
UUKV particles were immobilized in wells and incubated with CLR-Fc fusion proteins. 
Binding was detected by measuring absorption at 495 nm. Background was subtracted 
using the buffer control and the signal was normalized to UUKV binding to DC-SIGN. The 
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experiment was performed twice with each three technical triplicates. (B) Differentiation of 
BMCs into BMDCs was validated by cluster of differentiation (CD)11c staining in flow 
cytometry. BMCs were kindly provided by Bernd Lepenies (University of Veterinary 
Medicine Hannover). (C) UUKV-Atto488 was bound to BMDC wt and Mincle KO cells on 
ice for 2 h and binding was analyzed by flow cytometry. Indicated MOIs correspond to 
titers determined by ffu titration assays on BHK-21 cells. In B and C data from a single 
experiment is depicted.  

 

2.4.7. TOSV infectivity depends on GlcCer 

Given that virus binding was decreased by a lack of GlcCer in the UUKV 

particles, I next aimed to assess whether the dependency on GlcCer for infectivity is 

shared among other viruses. TOSV, another phenuivirus that buds from ER, ERGIC, 

and Golgi compartments, and SFV, a togavirus budding from the plasma membrane 

(117), were allowed to infect BHK-21 cells in order to compare HexCer levels 

between uninfected and infected cells (Figure 31 A, B). In TOSV-infected BHK-21 

cells ~ 1.5-fold higher levels of HexCer were observed compared to uninfected cells, 

while SFV infection of BHK-21 cells did not lead to an enrichment of HexCer. TOSV 

and SFV infection levels were evaluated after PPMP treatment resulting in a dose-

dependent decrease of TOSV infection 24 hpi, while SFV infection was not affected 

by PPMP treatment (Figure 31 C). One infection cycle takes roughly 3 h for SFV in 

BHK-21 cells (171). When cells were infected for 24 h, nearly 100% of cells were 

infected, regardless of the used MOI. The reason for this is that multiple cycles of 

infection took place during this period of time. Hence, I additionally evaluated SFV 

infection of PPMP-treated BHK-21 cells after 5 h, which also remained unaltered 

(Figure 31 D).  

Next, I examined the effect of GlcCer depletion on the production of TOSV and 

SFV progeny. For this purpose, 24 hpi the number of infectious TOSV and SFV 

particles present in the supernatant of infected cells in the presence of PPMP were 

assessed with a standard pfu titration assay (Figure 31 E). Compared to SFV, I 

observed that TOSV lost infectivity when produced in GlcCer-depleted cells, i.e., 

titers dropped by ~ 80% when the supernatant originated from infected cells treated 

with PPMP. 
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Figure 31. GlcCer plays a role for TOSV infectivity while it can be omitted for SFV 
infection.  
(A, B) HexCer levels of TOSV- and SFV-infected BHK-21 cells were compared to 
uninfected cells. Lipid MS was performed by Britta Brügger and Christian Lüchtenborg 
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(BZH Heidelberg). (C) BHK-21 cells were pretreated with PPMP for 16 h and then infected 
with TOSV (MOI of 0.1) and SFV (MOI of 0.01) in continuous presence of the drug. 
Infections levels 24 hpi were assessed by flow cytometry after antibody staining against 
TOSV structural proteins and SFV envelope protein 2 (E2), respectively. (D) Due to the 
fast life cycle of SFV in BHK-21 cells, after 24 h (C) infection was always saturated. Hence, 
the experiment was repeated with an infection time of 5 h and an MOI of 1. (E) The 
infectious titers of TOSV and SFV stocks 24 hpi prepared in the presence of PPMP were 
determined by a standard pfu titration assay. 

 

2.4.8. GlcCer is involved in TOSV binding 

My results indicated that GlcCer is important in the envelope of UUKV particles 

to mediate virus binding to host cells. To test if TOSV also relies on GlcCer in its 

envelope for binding to host cells, I performed a binding competition assay with 

C6-GlcCer as described for UUKV in Figure 29. In these experiments, I also sought 

to test a virus whose lipidome shows no enrichment of GlcCer, which could be used 

as a negative control to further assess the specific contribution of GlcCer in UUKV 

and TOSV binding. To reach this objective, together with my collaborators Sophie 

Winter (Chlanda group, Bioquant Heidelberg) and Britta Brügger (BZH Heidelberg), 

I determined the lipidome of Ebola VLPs with the lipidomic MS approaches. EBOV 

is a zoonotic virus causing frequent endemic outbreaks on the African continent. It 

buds from the plasma membrane, and therefore HexCers which are predominantly 

located in ER, ERGIC, and Golgi compartments should not be incorporated in Ebola 

VLPs. As anticipated, Ebola VLPs contained 0.5 ± 0.01% Cer, 1.7 ± 0.05% HexCer, 

and 0.4 ± 0.25% Hex2Cer out of total lipids, which can be considered neglectable 

(Figure 32 A). For comparison, UUKV particles contained 6.4% of HexCer (Figure 

27 B), i.e., nearly four times more than Ebola VLPs. 

Next, I used Ebola VLPs that express GFP (Ebola-GFP VLPs) to assess their 

binding capacity to BHK-21 cells preincubated with soluble C6-GlcCer on ice. 

Consistent with my hypothesis, it became apparent that soluble GlcCer did not 

interfere with Ebola VLP binding (Figure 32 B). Similarly, the binding of a VSV-G 

pseudotyped, GFP-expressing, and transcription-incompetent derivative of HIV-1 

(VSV-HIVLP-GFP), which also buds from the plasma membrane, was tested. As 

expected, C6-GlcCer did not compete with VSV-HIVLP-GFP for binding to BHK-21 

cells (Figure 32 B).  

In addition, BHK-21 cells were saturated with C6-GlcCer and then exposed to 

TOSV fluorescently labeled with Atto488 NHS ester (TOSV-Atto488). TOSV binding 
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was clearly prevented by C6-GlcCer in a concentration-dependent manner (Figure 

32 B). In this series of assays, I also included GERV, a related bunyavirus to UUKV 

and TOSV but from a different viral family. C6-GlcCer was also competing with 

GERV-Atto488 binding, which reduced GERV binding to C6-GlcCer-treated BHK-21 

cells in a dose-dependent manner (Figure 32 B). In sum, not only UUKV appeared 

to use GlcCer to attach cells, but also other bunyaviruses such as TOSV and GERV, 

which share the properties to assemble and bud from ER, ERGIC, and Golgi 

compartments with UUKV. In contrast, EBOV and VSV, two viruses egressing the 

cells from the plasma membrane, did not rely on HexCer for binding to target cells. 

 

 
Figure 32. GlcCer plays a role for TOSV and GERV binding to target cells.  
(A) Ebola VLP lipidome analysis was performed by lipid MS conducted by Britta Brügger 
(BZH Heidelberg) using VLPs provided by Sophie Winter (Chlanda group, Bioquant 
Heidelberg). Phospholipids include PC, PE, PS, PI, PG, PA, LPC, and additionally SM, 
while neutral lipids contain CE, DAG, and TAG. (B) In the binding competition assays 
described before, soluble C6-GlcCer was bound to BHK-21 cells on ice for 2 h. Then 
binding of TOSV-Atto488, GERV-Atto488, Ebola-GFP VLPs, and VSV-G pseudotyped 
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and GFP-expressing HIV-1 VLPs (VSV-HIVLP-GFP) was allowed for 1 h. Virus binding 
was measured by flow cytometry and analyzed using FlowJo software. Ebola-GFP VLPs 
and VSV-HIVLP-GFP were kindly provided by Sophie Winter and Thorsten Müller 
(Kräusslich group, CIID Heidelberg), respectively. 

 

2.4.9. GlcCer and RVFV infection 

RVFV is another highly pathogenic phenuivirus that is closely related to UUKV. 

In this last section, I intended to determine whether GlcCer also contributes to RVFV 

binding to host cells. To this end, I tested RVFV wt and RVFV ∆NSs GFP, a RVFV 

strain genetically engineered to express GFP instead of the non-structural protein 

NSs, the major factor of RVFV virulence. PPMP-treated cells were infected and fixed 

in 4% paraformaldehyde (PFA) 8 hpi or 24 hpi, before infection levels were 

determined by flow cytometry (Figure 33 A-D). Surprisingly, RVFV wt infection in 

BHK-21 cells was not influenced by the lack of GlcCer, whereas RVFV ∆NSs GFP 

infection was reduced in a dose-dependent manner (Figure 33 A, C). In contrast, 

when A549 cells were exposed to RVFV ∆NSs GFP in the presence of PPMP, 

infection was not affected 8 hpi (Figure 33 B). Moreover, PPMP treatment of A549 

cells did not influence RVFV wt infection levels (Figure 33 B, D).  

Next, I determined the titer of RVFV stocks prepared in the presence of PPMP. 

I found that RVFV wt and RVFV ∆NSs GFP infectivity was reduced by ~ 60-70% 

when produced from BHK-21 cells in the absence of GlcCer (Figure 33 E, F). 

Collectively, RVFV might, at least in some cell types, depend on both GlcCer and 

the expression of NSs. These intriguing results warrant further investigations to 

understand the link between GlcCer and NSs in the case of RVFV. 
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Figure 33. The role of GlcCer during RVFV infection remains elusive. 
(A-D) RVFV wt (white, light grey) and RVFV ∆NSs GFP (dark grey, black) infection of 
BHK-21 (left panel: white, dark grey) and A549 cells (right panel: light grey, black) in the 
presence of indicated concentrations of PPMP was assessed by flow cytometry. (A, B) 
Infection was terminated after 8 h. (C, D) Cells were harvested 24 hpi. (E, F) Titers of 
released RVFV wt and RVFV ∆NSs GFP by PPMP-treated producer cells were determined 
by pfu or ffu titration assay, respectively. Infectious supernatant was harvested 24 hpi. All 
experiments with RVFV ∆NSs GFP were performed in the BSL-2 laboratory together with 
the rotation student Paulina Schad.  
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3. Discussion 

My in-depth work combined molecular and cellular tools to shed light on novel 

facets of arbovirus-host cell interactions. First, the morphology of UUKV particles 

produced from mammalian cells was compared to virions derived from tick cells by 

cryo-EM. It became obvious that the size of tick cell-derived virions is more 

heterogenous and on average smaller than the viral particles produced in 

mammalian cells. These results, together with those obtained by Mazelier and 

colleagues (150), emphasize how essential it is to understand the structural and 

cellular biology of arboviral particles produced in both, their respective arthropod 

vector cells and their respective mammalian host cells.  

Furthermore, this thesis investigated host factors involved in infection of 

mammalian cell-derived UUKV particles by proteomic and lipidomic MS approaches. 

A label-free protein MS approach revealed several interaction partners of the UUKV 

glycoproteins in host cells, of which the Golgi apparatus resident GEF GBF1 was 

identified and validated as a proviral host factor for UUKV infection. GBF1 was 

shown to play a role for UUKV replication and particle release. This infection-

promoting host factor additionally plays a role for other arboviruses such as TOSV, 

RVFV ∆NSs, and SFV, suggesting that also more viruses that replicate in the 

cytoplasm could rely on GBF1. Altogether, my results brought new insights into 

UUKV infection mechanisms and characterized a novel protein host factor for UUKV 

infection. Still, many of the host cellular interactants identified in this first approach 

remain to be confirmed and explored for potential biological functions. 

Finally, I performed a lipidomic MS analysis of both, infected cells and UUKV 

particles, and shed light on the lipids incorporated into the viral envelope. This work 

indicated that the glycolipid GlcCer was enriched in UUKV-infected cells. I explored 

the functions of the lipid GlcCer during UUKV infection, suggesting that GlcCer, as 

a glycolipid in the viral envelope, is important for virus binding to target cells. This 

study suggests a possibly novel type of attachment of virions to target cells, i.e., via 

viral glycolipids, and opens new avenues for virus-lipid research. Importantly, host 

cell partners of GlcCer that participate in attachment of UUKV and other 

phenuiviruses still remain to be identified. Moreover, I observed that the RVFV non-

structural protein NSs alters the need of GlcCer for infection, which raises new 

questions regarding the involvement of NSs in lipid metabolism disruption during 

infection. It would also be interesting to explore the lipidome of other viruses that 
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bud from ER, ERGIC, and Golgi compartments to find out if the utilization of GlcCer 

is conserved among the viruses that rely on these networks for egressing cells. 

 

3.1. Tick and mammalian cell-derived UUKV particles differ in size 

Even though arboviruses that infect the mammalian host are usually 

transmitted by an arthropod bite, and are thus produced by arthropod vectors, most 

studies trying to investigate arbovirus infections usually produce the viruses of 

interest from mammalian cells. Using UUKV as a surrogate for more pathogenic tick-

borne bunyaviruses, Mazelier et al. demonstrated that UUKV acquires different 

molecular characteristics when produced from tick cells compared to the standard 

production in the mammalian cell line BHK-21 (150).  

Another study revealed that the RVFV genome was more efficiently packaged 

when produced in mosquito cells compared to mammalian cells (172). Bunyaviruses 

possess a trisegmented RNA genome which complicates assembly of progeny virus 

regarding packaging of a full set of RNA segments. Studies suggested that this 

process is non-selective for bunyaviruses and lacking specific mechanisms to 

incorporate all three segments (173, 174). Bermúdez-Méndez and colleagues 

propose that the balance of S, M, and L vRNP content in a single cell influences 

genome packaging efficiency (172). However, the reasons for more efficient genome 

packaging in mosquito cells remain elusive, but could be another hint towards an 

arthropod origin of arboviruses from the Bunyavirales order (8, 172).  

My laboratory described that arboviruses produced in arthropod vector cells 

are more efficient to infect mammalian cells. For example, UUKV (tick cells) and 

GERV (mosquito cells) were demonstrated to possess higher infectivity when 

produced in their respective vector cells (150) and (unpublished data by Colin Xin in 

the Lozach group), respectively. It is tempting to hypothesize that mammalian cell-

derived particles could have an advantage to infect arthropod cells. This would mean 

that arboviruses have optimally adapted to their dual life cycle. On the other hand, it 

is also possible that arboviral particles produced in mammalian cell do not show 

increased infection efficiency in arthropod cells. This, together with the proposed co-

evolvement of arboviruses with their arthropods, would further suggest a bigger 

importance of the vector compared to the vertebrate host for virus propagation.  

Moreover, my group demonstrated that UUKV ∆NSs was less efficient to 

replicate in IRE/CTVM-19 tick cells, while no differences were observed for IDE-8 
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tick cells or mammalian BHK-21 cells (unpublished data acquired by Magalie 

Mazelier). Interestingly, IRE/CTVM-19 cells derive from the species of ticks 

transmitting UUKV, which raises the question whether NSs could be important for 

the host switch between vector and vertebrate host. My group also revealed that 

RVFV wt and ∆NSs were both capable to infect and replicate in mammalian or 

mosquito cell culture. However, RVFV ∆NSs was not efficiently produced from some 

cell lines, such as HeLa cells, while RVFV wt was produced to high titers 

(unpublished data acquired by Psylvia Léger). In contrast to UUKV NSs, the NSs 

protein of RVFV was previously associated to play a role for counteracting IFN 

responses in vivo (60–62).  

Together, the findings comparing arthropod and mammalian cell-derived 

arboviruses highlight the importance of studying arboviruses derived from both, their 

host and their vector cells. These studies open up many more questions towards 

functional differences between virions produced in arthropod cells versus 

mammalian cells. 

 

3.1.1. Tick derived UUKV particles are smaller than mammalian derived virions 

Considering previous findings, I aimed to further explore the morphological 

specificities of UUKV particles depending on the producer cells. By Coomassie blue 

staining of the UUKV stocks, I observed larger quantities of the viral glycoproteins 

compared to the nucleoprotein when particles were produced in IDE-8 cells, 

consistent with results previously published by my group (150). Notably, the cryo-EM 

analysis performed in collaboration with Martin Obr (Schur group, IST Austria) 

revealed that particles produced in IDE-8 tick cells were smaller and in general more 

heterogenous in size than virions originating from BHK-21 cells. In agreement with 

the increased glycoprotein to nucleoprotein ratio, IDE-8 cell-derived virions 

additionally appeared to be more decorated with GN and GC. 

Mazelier et al. also previously reported that UUKV particles produced from tick 

cells are more infectious towards mammalian cells in comparison to virus particles 

amplified in mammalian cells (150). Thus, the ratio of infectious to defective virions 

may be higher when UUKV was produced in IDE-8 cells possibly because of more 

efficient genome packaging of UUKV particles produced in tick cells as 

demonstrated for RVFV in mosquito cells (172). However, results from this thesis 

provide another possible explanation for the observed difference. The increased 



76 

infectivity may also be explained by the possibly denser decoration of IDE-8-derived 

particles with the glycoproteins. This gives rise to the question if the structural 

arrangement and the functionality of glycoproteins differ between mammalian and 

tick cell-produced UUKV particles. To further analyze the infectivity of individual viral 

particles, future studies will require careful determination of the specific infectivity 

based on the total amount of viral particles present in the sample. To assess this 

experimentally, one could use a flow virometry assay. Flow virometry is a flow 

cytometry-based method which has been established recently and proven to allow 

detection, quantification, and characterization of individual virus particles. This 

innovative method rapidly advanced over the past years (175–180).  

Furthermore, UUKV particles produced from IDE-8 cells were more diverse in 

size. This leads to the question whether there are differences in virus assembly and 

budding of UUKV in mammalian versus tick cells. Moreover, it is not clear whether 

this constitutes an actual advantage for infection, or whether this is simply a 

byproduct of a distinct egress mechanism in tick cells. While phenuivirus budding is 

partially described in mammalian cells (80, 81, 83), little is known about the egress 

in arthropod cells. After protein synthesis of UUKV, the virions assemble and bud 

through ER, ERGIC, and Golgi compartments in mammalian cells. Virus particles 

are then transported to the plasma membrane in vesicles, being released from the 

cell (82, 84). However, as of yet UUKV budding was not studied by state-of-the-art 

microscopic analysis such as cryo-EM. For UUKV and RVFV it was shown that the 

glycoproteins are crucial for packaging of N protein and RdRp as well as for virus 

release (83, 181). However, factors influencing assembly, budding, and egress 

remain largely elusive.  

Preliminary results of subtomogram averaging of a single UUKV particle 

produced from IDE-8 cells revealed a highly organized lattice structure of the surface 

glycoproteins. Analyzing a larger set of imaged particles is necessary to reach higher 

resolution and allow comparisons at the angstrom level between UUKV produced in 

tick and mammalian cells which is the only way to shed light into the ultrastructural 

details of viral particles. This is currently a work in progress, enabled by the 

purification protocols I established to obtain large volumes of high purity viral 

particles from both tick and mammalian cells. 
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3.1.2. Virus stocks derived from tick cells contain small 25 nm particles 

Another difference between the virus stocks prepared in IDE-8 and BHK-21 

cells and analyzed by cryo-EM, was the presence of small, enveloped structures, 

here referred to as mini-particles with a diameter of around 25 nm (membrane-

membrane distance) in the samples produced from IDE-8 cells. These mini-particles 

were largely absent in the viral stocks produced from BHK-21 cells. The presence 

of internal electron densities and visible glycoprotein spikes indicated that they could 

constitute UUKV particles. If so, these UUKV mini-particles might only harbor two 

RNA segments or less, which could further explain the higher glycoprotein content 

in tick cell-derived samples. However, this would indicate big differences within the 

supergroup of arboviruses as for example increased genome packaging efficiency 

for RVFV was described in mosquito cells compared to mammalian cells (172).  

For example for Hepatitis B virus (HBV), it was shown that during infection a 

large quantity of noninfectious, so called subviral particles (SVPs) are produced 

(182, 183). These SVPs outnumber the infectious viral particles (Dane particles) by 

a factor of at least 1000 and were associated with immune evasion of HBV by 

inhibiting innate and adaptive immune responses (184). For instance, they interfere 

with cytokine signaling and Toll-like receptor (TLR) function, inhibit HBV-specific B 

cell functions, reduce the efficacy of HBV-specific antibodies, and lead to HBV-

specific T-cell exhaustion (185–189). It would be interesting to investigate whether 

the mini-particles found in the UUKV production could also contribute to immune 

evasion. However, in case of UUKV, much lower fractions of mini-particles were 

found. Moreover, these mini-particles were mostly present in the virus productions 

obtained from tick cells, meaning that they would not be present inside the 

mammalian host. Thus, it could be possible that the observed mini-particles possess 

biological functions for UUKV infection in ticks, potentially they could be involved in 

immune evasion mechanisms. 

The tick immune system remains largely uncharacterized (190–192). Ticks 

produce lysozymes and antimicrobial peptides such as defensins (193, 194). 

Furthermore, phagocytosis, lectins, and reactive oxygen species were shown to 

constitute potential barriers (195, 196). Similar as for mosquitoes, RNA interference 

(RNAi) was demonstrated to be an important antiviral mechanism in ticks (197–199). 

Possibly, the mini-particles found in UUKV productions derived from IDE-8 cells 

could be involved in establishing a persistent infection in the arthropod vector. 
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An alternative hypothesis is that the tick cells were intrinsically infected with 

another, possibly endogenous, virus. Production of this virus could be triggered by 

additional UUKV infection. An example of a described endogenous virus in ticks is 

the nonenveloped orbivirus St Croix River virus (SCRV), which was previously 

detected in various tick cell lines (200, 201). EM-studies of the SCRV described the 

virions to have a size of around ~ 60 nm spike-spike distance (202) and thereby, 

they are bigger than the mini-particles detected in the UUKV stocks. Sequencing of 

the isolated mini-particles from tick cells could give more answers to the previous 

questions, as could simpler approaches such as a western blot using antibodies 

raised against the UUKV proteins N, GN, and GC. 

The differences in size distribution of UUKV particles derived from BHK-21 

versus IDE-8 cells, together with the differences in infectivity and glycoprotein to 

nucleoprotein ratio, raise many interesting questions. It would be of particular 

interest to visualize UUKV assembly, budding, and egress in both mammalian and 

tick cells using high resolution light microscopy or EM methods. Additionally, since 

the dual life cycle of arboviruses remains largely uncharacterized, the tick-to-human 

transmission of phenuiviruses should be investigated. It would be compelling to 

employ proteomic and lipidomic approaches to compare virions derived from tick 

and mammalian cells. Moreover, the proteome and lipidome of infected tick cells 

should be explored. Following incoming virus particles during infection of skin 

organoid models, mice, or potentially also ticks via multiphoton microscopy could 

furthermore elucidate the differences of mammalian and arthropod cell-derived viral 

particles during entry (203–205). Taken together, UUKV particles produced from 

mammalian and tick cells possess distinct morphological and molecular features and 

their potential implications in biological functions remain to be determined. 

In the following section of this discussion, I will focus on the applied OMICS 

approaches to UUKV particles which were produced in mammalian cells. This will 

lay the groundwork for follow up studies with virions produced from tick cells and 

allow comparison between UUKV originating from arthropod and mammalian 

producer cells. 
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3.2. GBF1 is a host protein involved in UUKV infection 

3.2.1. A protein MS approach identifies GBF1 as an UUKV interaction partner 

Rapid technological advances of recent years led to the development and 

increasing accessibility of screening methods which enable the investigation of new 

pro- and antiviral host factors (86, 206). Here, a co-immunoprecipitation with the 

UUKV glycoproteins followed by label-free protein MS identified 39 proteins as 

potential host factors interacting with UUKV. GOCC analysis was applied to cluster 

the hits according to their location relative to cellular structures revealing that most 

potential host factors were membrane annotated. Molecular network enrichment 

analysis using the Ingenuity Pathway Analysis software package (Qiagen) showed 

that “Cellular Assembly and Organization” was the most abundant network. Based 

on these analyses, nine membrane annotated hits from that network, and the three 

potential host factors with the highest significance in this network were selected for 

further analysis. The role of these twelve proteins for UUKV infection was further 

evaluated by siRNA silencing and subsequent infection of A549 cells. These 

experiments revealed that GBF1 as an infection-promoting host factor necessary for 

UUKV infection. GBF1 is a GEF resident at the Golgi apparatus, the ERGIC system, 

and in lipid droplets. It is involved in direct or indirect functions for COPI dependent 

Golgi-ER transport, lipid droplet metabolism, and clathrin-independent endocytosis 

(91). 

Silencing of the other eleven proteins did not impair UUKV infection. However, 

it is noteworthy that silencing was only confirmed for GBF1 and not for the other 

proteins. Hence, the proteins ERLEC1, GOLPH3, GOLPH3L, HEATR3, MARS, 

SAAL1, SEL1L, SURF4, TNOP3, TRAPPC2L, and VDAC2 could possess biological 

functions during UUKV infection and should not be completely excluded from future 

studies.  

 

3.2.2. Various RNA viruses depend on GBF1 for infection 

The importance of GBF1 for UUKV infection was confirmed by genetic 

silencing and pharmacological inhibition of GBF1. After that, I applied the same 

approach to other viruses, to investigate whether GBF1 only possesses a specific 

role for UUKV or maybe a more general function involved also for other viruses. The 

closely related viruses TOSV and RVFV ∆NSs, as well as the alphavirus SFV from 

the family Togaviridae also depended on GBF1 expression for infection. As 
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mentioned in the introduction, GBF1 was previously also described to be involved in 

the replication of the RNA viruses DENV, HCV, hCoV 229E, VSV, YFV, CVB, HEV, 

and poliovirus (88–90, 92–95). In a collaborative work, it was confirmed that GBF1 

played a role for VSV, HCV, and hCoV 299E infection (data not shown, (163)). In 

addition, my collaborators demonstrated that GBF1 is also involved during infection 

with the alphavirus CHIKV, the tick-borne flaviviruses Langat virus (LGTV) and 

TBEV, and the mosquito-borne flavivirus Japanese encephalitis virus (JEV) (data 

not shown, (163)). While GBF1 seems to be important for many RNA viruses, the 

DNA virus HAdV-5 did not require GBF1 for efficient infection. Similarly, the 

retrovirus HIV-1 did not rely on GBF1. As trafficking between and interactions of ER 

and Golgi are necessary for HIV-1 infection, it suggests that these pathways were 

fully functional when GBF1 was silenced or inhibited. Thus, my results indicate that 

GBF1 is a proviral factor rather specific to RNA viruses that replicate in the cytosol. 

The structural and genomic organization of the numerous viruses that depend 

on GBF1 for infection is diverse. There are non-enveloped (e.g., HEV, poliovirus, 

CVB) and enveloped viruses, positive stranded (e.g., SFV, CHIKV, VSV, HCV, JEV, 

etc.) and negative stranded (UUKV, RVFV, TOSV) viruses. Although they have such 

distinct characteristics, the viruses mentioned above all share the property of having 

an RNA genome that replicates exclusively in the cytosol (58, 207, 208). Therefore, 

it seems likely that GBF1 could be involved in a general mechanism shared by all 

these viruses.  

However, taking into consideration that GBF1 is present at various cellular 

locations and possesses multiple cellular functions, it opens the possibility that GBF1 

might play different roles for different viruses. Interestingly, GBF1 was also 

demonstrated to be involved in productive IAV infection. IAV belongs to the family 

Orthomyxoviridae, which constitutes RNA viruses, which unlike most RNA viruses, 

replicate in the nucleus. The findings suggested that GBF1 is important for the IAV 

assembly process (209–211). On the other hand, for DENV, HCV, hCoV 229E, VSV, 

YFV, CVB, and HEV, GBF1 was linked with efficient replication (88–90, 92, 93). 

Some viruses were shown to employ GBF1 for the formation of replication 

complexes, for others the role of GBF1 during replication remains uncharacterized. 

Counterintuitively, using different truncation versions of GBF1, poliovirus replication 

was described not to rely on GBF1 activity but rather on the expression of the 

N-terminal region of GBF1. This region was shown to directly interact with viral 
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proteins, however, the mechanism of how this interaction is beneficial for poliovirus 

replication remains elusive (95, 212, 213).  

 

3.2.3. GBF1 plays a role during UUKV replication and egress 

To further delineate a concrete step of UUKV infection in which GBF1 is 

involved, assays targeting single steps of infection were employed. Inhibition of 

GBF1 activity using GCA impaired UUKV egress, but also had an adverse effect on 

replication (Figure 34), consistent with experiments performed using other viruses 

(88–90, 93). As mentioned above, UUKV relies on ER, ERGIC, and Golgi 

compartments for assembly and release. Considering that co-immunoprecipitations 

revealed an interaction between GBF1 and the glycoproteins, this interaction could 

play a crucial role during UUKV budding and release. However, the effect of GBF1 

on replication cannot be simply explained from the current standpoint. Potentially, 

other viruses depending on GBF1 for replication could additionally employ GBF1 for 

virus budding and release, and it would be an interesting venture to explore the 

intricacies of these mechanisms for viruses other than UUKV. To this end, the UUKV 

VLP release assay, which was established in this thesis to uncouple other infection 

steps from the virus release process, could be adapted for other viruses. In the 

absence of such a system, assessing ratio of virus particles trapped inside the 

producer cells versus released particles can also be explored using virus isolates.  

UUKV seems to reshape cellular organelles during infection in what is 

proposed to be a viral factory. The link between viral replication, assembly, and 

release with as many functions described for GBF1 could reflect that ER, ERGIC, 

and Golgi compartments may be reorganized during UUKV infection. Potentially, it 

could be spatially advantageous for the virus to reorganize organelles to enable 

replication, assembly, and budding at the same localization within the cells. Possibly, 

GBF1 could play a role in these structures which could explain the usage of GBF1 

by many distinct viruses. It would be interesting to image GBF1 in parallel with cell 

organelles such as ER, ERGIC, and Golgi apparatus during virus infection to 

characterize the location and functions of GBF1 in more detail.  

I demonstrated here that GBF1 acts as a proviral factor for many pathogenic 

RNA viruses from numerous virus families including Flaviviridae, Phenuiviridae, and 

Togaviridae. This renders GBF1 an attractive druggable target for developing new 

antiviral strategies against, not only UUKV, but all the viruses that require GBF1 for 
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their amplification and spread. Indeed, 2.5-10 µM GCA can reversely inhibit GBF1 

activity and GCA was shown here to possess broad antiviral activity against several 

viruses from different families. In the absence of alternative, more specific antiviral 

agents, GCA itself or a derivative could serve as starting structure for development 

of a therapeutic antiviral compound to inhibit GBF1 transiently. 

 

 
Figure 34. GBF1 involvement in UUKV infection. 
UUKV binds to the target cell via receptors as for example via DC-SIGN or L-SIGN. It is 
internalized and traffics in endosomal compartments until reaching a low pH in late 
endosomes. The low pH induces fusion of the viral membrane with the endosomal 
membrane. Virus entry is completed by the release of the viral genome into the cytosol. 
The complete process of UUKV entry occurs regardless of GBF1. In this thesis, I found 
that GBF1 is important for UUKV replication and translation in the cytosol, as well as for 
viral progeny assembly and release at ER, ERGIC, and Golgi compartments. The figure 
was prepared using BioRender. 
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3.3. Host-derived GlcCer on the viral envelope promotes UUKV infection 

3.3.1. Lipid MS indicates enriched HexCer in UUKV particles and infected cells 

Lipid MS is a powerful method to screen for lipids involved in different stages 

of virus infections. Recently, increasing numbers of studies described lipid-virus 

interactions that are pivotal for infection and thus present important perspectives for 

the development of new antiviral agents (214–216). As mentioned above, 

phenuiviruses are enveloped viruses known to bud from ER, ERGIC, and Golgi 

structures (217, 218). However, which lipids are specifically required for entry, 

replication, and egress, and how the lipid composition of host cells affects virus 

infection remains unknown. Despite the recent advances in lipid MS, as of yet only 

few viral lipidomes were explored, likely because preparing suitable samples is 

technically difficult and often limited by the quantity of pure viral material. First, the 

respective viral particle stocks need to be produced to high quantities and sufficiently 

purified to be free of lipid contaminants. Secondly, the fixation method needs to be 

compatible with the MS protocol, but at the same time needs to ensure inactivation 

of the viral stock for the according BSL-level. In this thesis, I have established and 

optimized a workflow to produce, purify, characterize, and inactivate the phenuivirus 

UUKV for both, protein and lipid MS analysis. 

Subsequently, lipidome analysis of UUKV particles and infected cells revealed 

an enrichment of the Golgi-resident glycolipid GlcCer in UUKV-infected BHK-21 cells 

and viral particles. Silencing and pharmacological inhibition of UGCG, the enzyme 

catalyzing the synthesis of GlcCer, impacted UUKV infection and particle production 

in BHK-21 cells. Interestingly, I found that the GlcCer in the UUKV envelope 

promotes virus binding to target cells and hence represents a plausible binding 

co-factor on the viral surface thereby mediating attachment and viral infection.  

The preliminary lipid MS analysis of the UUKV particles that pointed towards 

an enrichment of GlcCer in virions was only performed once and the concentration 

of viral particles must be improved. The lipid concentration of the purified 

supernatant of uninfected cells, which served as a control in this assay, was close 

to baseline. Therefore, it might be helpful to employ another virus that does not 

incorporate GlcCer, such as SFV, as a negative control. The production and 

purification methods I established, will be applied to UUKV particles and further 

lipidome analyses will be performed in the near future. Additionally, GlcCer levels 
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could be assessed in UUKV particles, SFV particles, and the purified supernatant of 

non-infected cells using a dot blot with the antibody raised against GlcCer. 

SFV particles acquire the lipid envelope during the budding process at the 

plasma membrane (116, 117). The lipidome of SFV particles was shown to be 

generally similar to the lipid composition of the plasma membrane of producer cells 

(118). Compared to the plasma membrane, the sphingolipid SM and the 

glycerophospholipid PS were enriched in the virions, while the glycerophospholipids 

PG and PI, as well as monosialodihexosylganglioside (GM3) were present in lower 

quantities. No enrichment of HexCer was found in SFV particles (118). Consistently, 

I could demonstrate that SFV infection of BHK-21 cells did not lead to enhanced 

GlcCer levels in infected cells, and infection and production of infectious particles 

was not impaired by PPMP treatment inhibiting GlcCer synthesis in producer cells. 

In this thesis, I suggest that TOSV particles could also incorporate GlcCer into their 

viral membrane, but the lipidome of the virions still remains to be defined. In future 

studies, it will be interesting to investigate whether GlcCer enrichment is a general 

feature of viruses which bud through ERGIC and Golgi compartments. 

GlcCer is an intermediate in the metabolism to complex GSLs and is usually 

not present in high amounts in cells (219, 220). Taking into consideration that the 

lack of physiological GlcCer levels in producer cells impairs UUKV infectivity, this 

suggests a specific upregulation by UUKV during infection. As I did not characterize 

the mechanisms of GlcCer enrichment in UUKV-infected cells during my study, the 

different possible reasons for this enrichment are open to discussion. One 

explanation could be that GlcCer is not further metabolized to Hex2Cer and more 

complex GSLs. UUKV budding from ER, ERGIC, and Golgi compartments might 

hamper cellular functions of these networks including GSL synthesis. Another 

possibility could be that viral proteins directly or indirectly regulate host factors, 

thereby interfering with the GSL metabolic pathway. Inhibition of GBA or 

upregulation of UGCG could for instance lead to enriched GlcCer levels.  

Some diseases such as diabetes, cancer, or cardiovascular diseases are 

known to alter GlcCer levels in tissues and cells. In general, GlcCer enrichment was 

associated with increased cell proliferation (221). Caused by mutations in GBA, 

Gaucher disease leads to prolonged elevated levels of GlcCer, displaying many 

problematics of GlcCer imbalances as patients suffer from fatigue, anemia, and 

enlargement of the liver and spleen (222). It would be of interest to explore, whether 
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patients infected with pathogenic viruses related to UUKV suffer from similar 

symptoms associated with elevated GlcCer levels. 

 

3.3.2. GlcCer is required for infectivity of progeny UUKV particles 

In this thesis, I found that UUKV upregulated GlcCer levels drastically during 

infection suggesting that GlcCer possesses a not yet described function during 

UUKV infection. Strikingly, UUKV particles produced in cells depleted from GlcCer 

exhibit greatly reduced infectivity (~ 80%). Previously, UGCG, the enzyme essential 

for GlcCer metabolism, was shown to be important for DABV infection (143). DABV 

infection in humans was associated with diarrhea, fever, multiple organ failure, and 

thrombocytopenia (27, 28). Like UUKV, DABV is a tick-borne phenuivirus. Drake and 

colleagues observed that silencing and inhibiting UGCG leads to reduced DABV 

infection levels. However, they did not analyze GlcCer levels in viral particles or 

assessed the effect on virus production. Due to the similarities between DABV and 

UUKV, it is possible that DABV also contains high GlcCer levels in the viral envelope 

and might also use GlcCer for binding to target cells. This hypothesis should be 

tested in future studies by analyzing the DABV lipidome and by producing DABV in 

the presence of UGCG inhibitors followed by characterizing the infectivity of 

produced DABV particles.  

While for UUKV an enrichment of GlcCer in producer cells seems to be 

beneficial in order to incorporate GlcCer into the viral envelope, for IAV it was 

suggested that homeostatic and highly regulated amounts of GlcCer are optimal for 

infection (139–141). GBA, which degrades GlcCer into Cer and glucose, and UGCG 

were both knocked out in different cell lines, and then IAV infection was monitored. 

IAV infection was reduced in UGCG KO and GBA KO cells lines. Thereby, GBA and 

UGCG were both related to IAV entry, more precisely intracellular trafficking of 

virions and viral escape from endosomes (135, 136). It was shown that the IAV 

envelope was only marginally enriched in HexCer and more enriched in Hex2Cer 

(121). Possibly, IAV does not incorporate GlcCer in the viral envelope, but rather 

employs GlcCer during entry, more specifically during fusion from endosomes. While 

UUKV buds through ER, ERGIC, and Golgi network, IAV acquires its envelope by 

budding through the plasma membrane (223). This could be an explanation why IAV 

does not incorporate GlcCer, as this GSL is not present in the plasma membrane to 

a significant extent. The utilization of GBA and UGCG during IAV entry is of particular 
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interest, as IAV, like UUKV, is a late-penetrating virus, i.e., these viruses rely on late 

endosomes for fusion and entry (224). Therefore, additionally to the role of GlcCer 

on the UUKV envelope described in this thesis, GBA and UGCG could also be 

involved in UUKV intracellular trafficking and/or fusion, as demonstrated for IAV. It 

would be interesting to test this hypothesis by monitoring UUKV entry in GBA and 

UGCG KO cells. Nevertheless, the utilization of GlcCer seems to be very different 

to UUKV, for which high GlcCer levels in infected cells as well as in virions seem 

advantageous.  

 

3.3.3. GlcCer seems to play an ambiguous role for RVFV infection 

I next expanded the investigation of GlcCer to a highly pathogenic phenuivirus, 

namely RVFV. RVFV is a mosquito-borne phlebovirus responsible for frequent 

outbreaks in cattle, sheep, and goats in sub-Saharan Africa (35–37). Interestingly, I 

observed different phenotypes of RVFV infection levels upon UGCG inhibition, which 

essentially depended on the expression of its non-structural protein NSs. While 

RVFV infection was not hampered by PPMP treatment of BHK-21 cells when the 

virus expressed NSs, RVFV ∆NSs infection levels in BHK-21 cells decreased upon 

GlcCer synthesis inhibition. In contrast, neither RVFV wt nor RVFV ∆NSs infection 

in A549 cells relied on GlcCer. It is very intriguing that the involvement of GlcCer 

during RVFV infection seems to depend on the expression of the non-structural 

protein NSs, as well as on the infected cell line, as it suggests different infection 

mechanisms including the employment of distinct infection-promoting factors.  

The first main observation was that NSs expression influenced the 

dependence of RVFV on GlcCer for infection. NSs is the major virulence factor for 

RVFV but is not essential for viral infection and replication in cell lines. The RVFV 

NSs protein was described to antagonize innate immune responses and is present 

as punctae in cytoplasm and filaments in nuclei of infected cells (59–61). A plausible 

explanation as to why RVFV did not rely on GlcCer for infection in BHK-21 cells, 

while the mutant lacking NSs did, could be that NSs expression enables RVFV to 

infect cells so efficiently that GlcCer as a proviral host factor becomes insignificant. 

Taking the broad functions and the high expression of NSs in RVFV-infected cells 

into consideration, NSs could influence lipid or protein expression of infected cells. 

Possibly, NSs modulates expression pathways of a different lipid, which could 

replace GlcCer efficiently rendering it redundant. Of note, RVFV wt was not purified 
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before infecting new cells, but instead the infectious supernatant harvested from 

producer cells was employed, which possibly also affects the early infection steps. 

Secondly, the dependence of RVFV ∆NSs on GlcCer was influenced by the 

cell line in which the virus was produced. The inhibition of GlcCer synthesis 

decreased RVFV ∆NSs infection in BHK-21 cells, while infection of A549 cells 

remained the same. It is tempting to speculate, that A549 cells express another yet 

elusive protein or lipid that facilitates virus infection, rendering GlcCer redundant for 

RVFV ∆NSs infection in this cellular system. In contrast, I showed earlier that UUKV 

depends on GlcCer expression also in A549 cells. 

However, in the absence of GlcCer, the production of infectious RVFV wt and 

RVFV ∆NSs particles from BHK-21 cells was reduced by ~ 60-70%. In summary, it 

would be of interest to characterize and compare the lipidomes of RVFV wt- and 

RVFV ∆NSs-infected cells, to exclude that NSs somehow prevents the accumulation 

of GlcCer caused by other viral proteins. Additionally, comparing the lipidome of 

RVFV-infected BHK-21 and A549 cells might help to understand the differences 

observed between the cell lines. It would also be of great interest to explore the viral 

lipidome and assess whether GlcCer is enriched in the RVFV envelope. Further 

experiments investigating binding of RVFV could help to estimate whether GlcCer 

possesses a role for RVFV infectivity. In conclusion, follow-up research will be 

required to decipher the complex link between GlcCer, RVFV, and NSs. 

 

3.3.4. GlcCer in the UUKV envelope promotes binding to target cells 

A role for GlcCer during UUKV binding was observed via two complementary 

approaches. First, virus produced in the absence of GlcCer was less efficient in 

binding to BHK-21 cells. In the second approach, prebound soluble C6-GlcCer 

competed with UUKV binding to BHK-21 and A549 cells. Pre-binding of C6-GlcCer 

also decreased TOSV and GERV binding to BHK-21 cells. While UUKV and GERV 

do not represent an evident threat to public health, TOSV is a neglected human 

pathogen endemic in Southern Europe where it represents the main cause of 

seasonal meningitis and encephalitis during the summer (41, 46, 225, 226). GERV 

is mosquito-borne bunyavirus belonging the family of Peribunyaviridae closely 

related to LACV, the causative agent of pediatric encephalitis (21, 22). Together, 

these results suggest, that GlcCer on the viral envelope could act as a binding factor 
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enhancing infection for UUKV, TOSV, and GERV. Thus, GlcCer in the viral envelope 

possesses biological importance for infection.  

Ebola-VLP binding, on the other hand, was not affected by soluble GlcCer, 

consistent with the absence of GlcCer within the Ebola-VLP envelope revealed by 

the lipidomic analysis. As UUKV and TOSV, GERV is believed to bud through ER, 

ERGIC, and Golgi compartments which leads to the question whether GlcCer 

incorporation into the viral envelope and involvement for attachment could be a 

common feature of viruses that bud through these networks. On the contrary, the 

glycolipid is generally not enriched in viruses budding from the plasma membrane 

as here demonstrated for EBOV and as previously described for IAV, HIV-1, VSV, 

and SFV (118, 121, 122).  

To the best of my knowledge, the only lipid that has been suggested to be 

incorporated into the viral envelope and thereby facilitate binding to target cells, is 

the glycerophospholipid PS. Many enveloped viruses, such as CHIKV, DENV, 

VACV, EBOV, and HIV-1 possess PS associated to the viral envelope functioning 

as an attachment factor during viral infection (111–115). PS-dependent uptake is 

mediated by specific receptors as for example Tyro3/Axl/Mer (TAM) receptors or 

T-cell immunoglobulin and mucin domain (TIM) receptors that usually sense 

apoptotic cells (227–229). The exact localization of PS within the lipid bilayer serves 

as a viability signal: in normal conditions it is present at the inner leaflet of the plasma 

membrane, whereas upon oxidative stress, apoptosis, or the activation of other 

stress signaling pathways, the lipid is displayed on the outer leaflet leading to rapid 

phagocytosis (230). However, PS is a negatively charged glycerophospholipid which 

is an important building block of the plasma membrane and hence, present in high 

quantities (126, 231). On the contrary, GlcCer is a Golgi-resident GSL intermediate, 

that is usually present in the cells at low levels, suggesting that UUKV and TOSV 

exert different and specific mechanisms to enrich and incorporate GlcCer in the viral 

envelope. 

The orientation of GlcCer incorporation into the viral envelope remains 

unknown also rendering the mode of binding to the host cell speculative. A 

hypothesis could be that interactions between GlcCer on the viral particle and 

clusters of lipids on the plasma membrane lead to UUKV attachment and thereby 

might bring UUKV in proximity to receptors needed for virus entry. Similar 

mechanisms were previously demonstrated where for example cholesterol-rich lipid 

microdomains on the target cell can facilitate virus entry as for instance shown for 



89 

IAV, HIV, EBOV, and SARS-CoV-2 (103–105, 107, 232). However, taking into 

consideration how densely the viral glycoproteins GN and GC cover the envelope of 

UUKV particles, it is difficult to imagine that GlcCer forms clusters on the viral 

envelope, rendering this hypothesis possible but unlikely. 

Alternatively, it is possible that GlcCer on the virion could directly interact with 

the viral glycoproteins and thereby might play a role for their incorporation during 

budding, their multimerization, or their stability. By influencing the lipid content of the 

viral envelope, GlcCer could also influence the fluidity of the membrane which could 

in turn influence UUKV glycoprotein organization. However, these hypotheses are 

not supported by the competition of binding between soluble C6-GlcCer and UUKV 

particles. Nevertheless, it would be interesting to explore the UUKV particles which 

were produced in the absence of GlcCer for their overall morphology and more 

specifically concerning their glycoprotein organization by cryo-EM. For this, a 

workflow to produce higher amounts of virions from PPMP-treated cells and purify 

the UUKV particles needs to be established and optimized. 

The most likely mode of action to explain how GlcCer in the viral envelope 

interacts with a target cell seems that cellular receptors recognize and bind either 

the lipid or glycan part of GlcCer. In the Golgi apparatus GlcCer is present in either 

direction, as it is faced to the cytoplasm when glucose is added by UGCG to form 

GlcCer. Then, a flippase translocates newly synthesized GlcCer into the Golgi lumen 

where more sugar molecules are added to form complex GSLs (138). Hence, 

theoretically UUKV particles could incorporate GlcCer in either direction. However, 

due to the hydrophilic nature of glucose and potential steric hindrance inside the 

particle, it is tempting to speculate that the glycan is facing outwards, while the lipid 

backbone is incorporated into the viral particle envelope. The possibilities of 

GlcCer-target cell interactions are summarized in Figure 35. 
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Figure 35. Potential GlcCer-receptor cell interaction during virus binding. 
UUKV incorporates GlcCer while budding between ER and Golgi apparatus. The 
orientation of GlcCer on the viral envelope remains unknown. If the hydrophobic fatty acid-
sphingosine is presented to the outside, lipid-lipid interactions could bring UUKV into 
proximity of entry receptors or could specifically bound by a receptor. Due to steric 
hindrance and hydrophilicity of the glycan, it seems likely that glucose is facing outwards. 
GlcCer could interact with the viral glycoproteins to stabilize them or modulate viral 
envelope fluidity in favor of virus binding. Alternatively, GlcCer could be recognized by a 
receptor that interacts with carbohydrates such as the CLR Mincle. The figure was 
prepared using BioRender. 

 

To identify possible host cell receptors of GlcCer on the viral envelope, I 

collaborated with the team of Bernd Lepenies (University of Veterinary Medicine 

Hannover) to perform an ELISA-based screen of CLRs. In general, CLRs detect 

carbohydrate structures of exogenous pathogen associated molecular patterns 

(PAMPs) and endogenous damage associated molecular patterns (DAMPs) (233), 

meaning they could in theory interact with the glucose of GlcCer. Several viruses 

exploit CLRs as binding factors or entry receptors, for instance DC-SIGN and 

L-SIGN act as entry receptor and co-receptor for many different phenuiviruses as 

well as for HCV (52, 53, 234). In the ELISA-based CLR binding study, in addition to 

the positive controls DC-SIGN and L-SIGN, also Dectin-1, Dectin-2, Sign-R1, 

Sign-R3, MGL-1, DCAR, Clec4K, Clec12A, Clec12B, and Mincle showed increased 

binding to UUKV. 
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Mincle is a CLR that detects and binds to glucose residues, and was recently 

demonstrated to interact with GlcCer (170). This CLR is present on myeloid cells as 

for example DCs, macrophages, and monocytes which are among the first cells to 

encounter incoming arboviral particles in the skin of mammalian hosts (235). 

Moreover, Mincle was recently associated with the entry pathway of the bunyavirus 

LACV (236). As previously mentioned, LACV is closely related to GERV which was 

used for binding competition studies with C6-GlcCer in this thesis (21). Furthermore, 

the phlebovirus RVFV was recently described to bind to Mincle in an ELISA-based 

CLR binding assay (237).  

Therefore, I aimed to study UUKV binding to Mincle in a cellular context. For 

this purpose, I tested UUKV binding to parental and Mincle KO BMDCs differentiated 

from murine BMCs obtained via my collaboration with Bernd Lepenies (University of 

Veterinary Medicine Hannover). My results did not indicate an involvement of Mincle 

in UUKV binding in a cellular context. However, I cannot rule out that other receptors, 

such as murine homologs of the human DC-SIGN and L-SIGN, which are expressed 

in mBMDCs (238–243), could render a Mincle-specific interaction with GlcCer on the 

virion redundant for UUKV binding to these cells. These homologs could display a 

similar effect as observed in the binding competition assay of C6-GlcCer and UUKV 

on BHK-21 cells expressing DC-SIGN. Further experiments are required to clarify a 

possible role of Mincle in UUKV attachment. For instance, it would be interesting to 

bind the Mincle fusion protein used in the ELISA-assay to UUKV particles before 

infecting BHK-21 or A549 cells. Thereby, the saturation of potential Mincle-binding 

sites on the viral envelope (i.e., presumably GlcCer) could result in decreased virus 

binding and infection.  

Collectively, in the presented study I suggest a novel type of interaction 

between virions and target cells, specifically a host cell-derived glycolipid in the viral 

particle that may facilitate virus binding to target cells. The glycolipid GlcCer was 

shown to be a critical compound of the UUKV envelope that is involved in virus 

attachment to target cells. The interaction partner of GlcCer on the host cell surface 

remains to be identified and the exact strategies allowing the virus to enrich GlcCer 

levels upon infection opens room for follow-up studies. Virus receptor interactions 

are in general an important target for experimental investigations. Indeed, receptors 

represent an obvious target to disrupt virus attachment and in turn infection early on. 

Nevertheless, the identity of many virus receptors remains obscure. In order to find 

virus receptors, laboratories routinely screen the capacity of viral glycoproteins for 
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interactions with receptors on the host cell (96). However, up to date lipidome 

analyses were only rarely performed on viral particles and virus-infected cells. To 

my knowledge PS is the only lipid present in viral envelopes described to facilitate 

attachment to target cells (111–115) and with GlcCer, this thesis expanded the list. 

Here, I suggest that glycolipids which are incorporated into the viral envelope 

should also be taken into consideration for future work on the characterization of 

viral receptors. Lipid analyses might lead to identifying novel virus-receptor 

interactions. 

 

 

4. Conclusion 

The goal of my PhD project was to provide a better understanding of 

phenuivirus infection in mammalian cells. My work provides the basis for future 

studies aiming to compare virions derived from mammalian and arthropod cells. In 

addition, I contributed to studying the unique dual life cycle of arboviruses by 

comparing morphological characteristics of virions produced in mammalian and tick 

cells. My thesis highlights the necessity to study arboviral infections in the context of 

their biological cycle including infection of and transmission between vertebrates and 

arthropods. Thereby, these investigations will provide a better characterization of the 

complex molecular and cellular mechanisms behind the arboviral host switch.  

My work has resulted in the establishment of robust production and purification 

methods for UUKV particles from tick and mammalian cells. These techniques could 

also be applied to other arboviruses and unrelated viruses to allow, for among 

others, cryo-EM and OMICS MS analyses. Using these methods and large stocks 

of highly purified UUKV particles, lipidomic and proteomic MS approaches were 

optimized and used to analyze UUKV particles and the infected cells from which they 

derived. The proviral host factor GBF1 was identified in a protein MS analysis, and 

subsequent in-depth molecular and cellular characterization revealed a function of 

GBF1 related to UUKV replication and egress. Testing several different viruses, it 

became apparent, that GBF1 is highly likely a general infection-promoting factor for 

viruses that replicate in the cytoplasm and/or bud through ER/ERGIC/Golgi 

networks. With a lipid MS approach, I also identified a GSL, GlcCer, which is 

enriched in the UUKV envelope and involved in virus binding to target cells. As no 
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glycolipid was yet described to play such a role, this finding has the potential to 

represent a novel type of virus-receptor interactions. Altogether, the results I 

obtained during my PhD study have strong implications for potential pharmacological 

intervention strategies and characterization of future virus-host cell interactions. 

Some arboviruses, such as CHIKV, CCHFV, RVFV, and YFV are zoonotic 

pathogens and regarded as a potential pandemic threat (1–4). The COVID19 

pandemic caused by the emerging coronavirus SARS-CoV-2 is a recent example 

indicating how destructive a zoonotic virus can be for a previously naïve population. 

Jana Koch and I also conducted a project on SARS-CoV-2 that provided an overview 

of the molecular and cellular processes used by SARS-CoV-2 to enter host cells 

(154). In the context of a global pandemic, knowledge of receptor interactions is 

essential as they could be used as obvious druggable targets. With this PhD thesis, 

my work lays the basis for future investigations into virus-receptor interactions and 

subsequent early viral infection steps.  
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5. Materials and Methods 

5.1. Materials 

Table 3. Small interfering RNAs (siRNAs) 

siRNA siRNA sense sequence Information 

siRNA_ERLEC1_1 CCUACAGAAUUGAGUCUUA (163) 
siRNA_ERLEC1_2 GGACUUACGAAGUAUGUCA (163) 
siRNA_GBF1_1 CAACCACAAUGUUCGUAAA (163) 
siRNA_GBF1_2 GCAUAGUUUCGGUCAUCUA (163) 
siRNA_GBF1_3 GAGCACUACUUGUACAUGA (163) 
siRNA_GOLPH3_1 GUACGGGAACGAUUAGCUA (163) 
siRNA_GOLPH3_2 CUAUUAACAAGAAAGGUAA (163) 
siRNA_GOLPH3L_1 CCGCCUUACUCUUAUGGAA (163) 
siRNA_GOLPH3L_2 GAGAAACAGCGACUAGUGA (163) 
siRNA_HEATR3_1 GUCUUUCAGUGCUACAGCA (163) 
siRNA_HEATR3_2 GUGACGCAUUUAUGGAGAA (163) 
siRNA_MARS_1 GGAGCUGAGGAUAACUAUA (163) 
siRNA_MARS_2 CAGAGCAAGUGGACCUGUA (163) 
siRNA_SAAL1_1 CAUCCAGCUAUUUAUGAUA (163) 
siRNA_SAAL1_2 GCAAGAGUAUCUAAAGAUA (163) 
siRNA_SEL1L_1 GGCUUAUGACUGCCUAUAA (163) 
siRNA_SEL1L_2 GCACCGAUGUAGAUUAUGA (163) 
siRNA_Control_A549 AllStars Negative Qiagen 
siRNA_Control_BHK-21 Scrambled  Sigma 
siRNA_SURF4_1 UCAUAGCUCUGCAGACGAU (163) 
siRNA_SURF4_2 AGUUCCUCCGUGUCACAAA (163) 
siRNA_TNPO3_1 GGGACUCAUUGCUAACCCA (163) 
siRNA_TNPO3_2 CCUUACGAAUUGGAGCUAA (163) 
siRNA_TRAPPC2L_1 AGCCCUUCGAGACAACGAA (163) 
siRNA_TRAPPC2L_2 AGGUGAAGUUUGUCAUGGU (163) 
siRNA_UGCG_1 GUAAGAAACUGCUUGGGAA  (163) 
siRNA_UGCG_2 GGUUACACCUCAACAAGAA (163) 
siRNA_VDAC2_1 AUCAAGUCUUCUUACAAGA (163) 
siRNA_VDAC2_ GGAGGAUCAAUUUAUCAGA (163) 
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Table 4. List of cell lines and primary cells. 

Cells Culture medium Information 

A549 DMEM (10% FBS, 1x NEAA) (244) 
BHK-21 GMEM (10% TPB, 5% FBS) (245) 
BHK-21 DC-SIGN GMEM (10% TPB, 5% FBS) This thesis. 
BMC Mincle KO IMDM (10% FBS, 2 mM L-glutamine) (236) 
BMC wt IMDM (10% FBS, 2 mM L-glutamine) (246) 
BMDC Mincle KO IMDM (10% FBS, 10% X63/GM-CSF supernatant) (236) 
BMDC wt IMDM (10% FBS, 10% X63/GM-CSF supernatant) (236, 246) 
HEK 293T DMEM (10% FBS) (247) 
HeLa MZ DMEM (10% FBS) (248) 
HeLa TZM-bl DMEM (10% FBS) (249) 
IDE-8 L-15 (10% TPB, 5% FBS, 0.1 % bovine lipoprotein, 

1x GlutaMAX) 
(250) 

IRE/CTVM-19 L-15 (20% FBS, 10% TPB, 1x GlutaMAX) (147) 
Vero E6 DMEM (10% FBS) (251) 

 

Table 5. List of plasmids. 

Plasmid Notes Information 

pCMV ∆R.91 (HIV 
gag/pol/rev/tat) 

Lentiviral packaging plasmid Addgene 

pMD2-G (VSV-G) Expression of VSV-G Addgene 
pUUK-GN/GC Expression of UUKV glycoproteins (83) 
pUUK-L Expression of UUKV RdRp (83) 
pUUK-N Expression of UUKV nucleoprotein N (83) 
pRF108-L Anti-genomic full length UUKV L segment (150) 
pRF108-M Anti-genomic full length UUKV M segment (150) 
pRF108-S Anti-genomic full length UUKV S segment (150) 
pRF108-S.∆NSsGFP Anti-genomic UUKV S segment lacking NSs 

but expressing GFP 
(163) 

pTRIP-DC-SIGN wt Lentiviral vector expressing DC-SIGN (252) 
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Table 6. List of antibodies. 

Antibody Dilution Information 

Donkey anti-mouse IRDye 
680RD 

1:10,000 WB LiCOR, 926-68072 

Donkey anti-mouse 800CW 1:10,000 WB LiCOR, 926-32212 
Donkey anti-rabbit IRDye 680RD 1:10,000 WB LiCOR, 926-68073 
Donkey anti-rabbit 800CW 1:10,000 WB LiCOR, 926-32213 
eFluor 450 anti-murine CD11c 1:500 flow cytometry Thermo Fisher Scientific, 

48-0114-80 
Goat anti-mouse AF488 1:500 flow cytometry Thermo Fisher Scientific, A-

11001 
Goat anti-rabbit AF488 1:500 flow cytometry Thermo Fisher Scientific, A-

11034 
Goat anti-rabbit HRP 1:500 ffu titration Vector Laboratories, PI-

1000 
Mouse anti-actin 1:5,000 WB Sigma-Aldrich, A2228 
Mouse anti-GBF1 1:500 WB Santa Cruz, sc-136240 
Mouse anti-human DC-
SIGN+DC-SIGNR AF405 

1:200 flow cytometry R&D Systems, FAB16211V 

Mouse anti-human DC-
SIGN+DC-SIGNR PE 

1:200 flow cytometry R&D Systems, FAB1621P 

Mouse anti-RVFV N (ID8) 1:5000 flow cytometry (253) 
Mouse anti-SFV E2 (E2-1) 1:400 flow cytometry (254) 
Mouse anti-TOSV 1:4000 flow cytometry (53) 
Mouse anti-UUKV N (8B11A3) 1:800 flow cytometry, 

1:1000 WB 
(255) 

PE anti-murine CD11c 1:200 flow cytometry Thermo Fisher Scientific, 
12-0114-81 

Rabbit anti-Gc (K5) 1:100 WB (256) 
Rabbit anti-GlcCer 1:250 dot blot Antibody Research 

Corporation, 111586 
Rabbit anti-Gn (K1224) 1:100 WB (256) 
Rabbit anti-RVFV N (SE2323) 1:8000 flow cytometry 

1:4000 ffu titration 
(52) 

Rabbit anti-UGCG 1:500 WB LS Bio, LS-C107639 
Rabbit anti-UUKV (U2) 1:4000 ffu titration, 

1:2000 WB 
(52) 
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Table 7. List of viruses. 

Virus Producer cells Reference 

GERV BHK-21 cells (20) 
RVFV BHK-21 cells, Vero E6 cells (257) 
RVFV ∆NSs GFP BHK-21 cells, Vero E6 cells (163, 258) 
SFV BHK-21 cells (171) 
TOSV BHK-21 cells (259) 
UUKV BHK-21 cells, IDE-8 cells, 

IRE/CTVM-19 cells 
(150, 260) 

 

Table 8. List of reagents and enzymes. 

Reagent Solvent (if applicable) Company, Cat# 

AF488 NHS ester DMSO Thermo Fisher Scientific, A20000 
Atto488 NHS ester DMSO Atto-TEC, AD 488-31 
C6-GlcCer MeOH Biomol, Cay24474-5 
C6-GlcCer MeOH Biomol, MTY-1539 
C6-GlcCer MeOH Biozol, LAR-56-1049-4 
Endo H  New England Biolabs, P0702S 
Golgicide A MeOH Sigma-Aldrich, G0923 
NB-DGJ MeOH, DMSO Biomol, Cay19520-1 
NB-DNJ MeOH, DMSO Biomol, Cay21065-1 
PDMP MeOH Cayman Chemical, 10005276 
PNGase F  New England Biolabs, P0704S 
PPMP MeOH Cayman Chemical, 17236 

 

Table 9. List of buffers. 

Buffer Composition 

Agarose overlay (pfu 
titration) 

2.5% FBS, 1% agarose, 0.4% Sodium bicarbonate in 
GMEM 

CMC overlay (ffu titration) 16 g/l CMC, 4.25 g/l NaCl, 5% TPB, 2.5% FBS in GMEM 
Crystal violet solution 3 g/l crystal violet, 4% PFA, 10% EtOH in H2O 
Fixing solution (gels) 40% methanol, 10% acetic acid in H20 
FACS permeabilization 
buffer (FPB) 

2% FBS, 50 mM ethylenediaminetetraacetic acid (EDTA), 
0.2% NAN3, 1 g/l saponin in PBS 

HNE buffer 10 mM HEPES, 150 mM NaCl, 1 mM EDTA in H2O (pH 7.3) 
Lysis buffer 1 20 mM Tris-HCl, 50 mM NaCl, 2 mM EDTA 0.1% Triton X-

100, 1x complete protease inhibitor in H2O 
Lysis buffer 2 50 mM HEPES, 150 mM NaCl, 10% glycerol, 1% NP-40, 1 

mM CaCl2 in H2O 
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Table 10. List of chemicals, media, and kits. 

Chemical Company 

Agarose (ultrapure) Thermo Fisher Scientific 
Bovine lipoprotein MP Biomedicals 
Bovine serum albumin (BSA) Roth 
β-mercaptoethanol Sigma 
Carboxymethyl cellulose sodium (CMC) Sigma 
Complete EDTA-free protease inhibitor cocktail Roche 
CytoTox96 Non-Radioactive Cytotoxicity colorimetric 
assay (kit) 

Promega 

DAB + Ni Substrate (kit) Biozol 
D-glucose Sigma 
Dimethyl sulfoxide  
(DMSO) 

Merck 

Dithiothreitol (DTT) Biomol 
Dulbecco's modified Eagle's medium (DMEM) Thermo Fisher Scientific 
DNA ladder 1kb  NEB 
DNA loading buffer 6X  NEB 
DNA Restriction enzymes  NEB 
Ethylenediaminetetraacetic acid (EDTA) Thermo Fisher Scientific 
Fetal bovine serum (FBS) Thermo Fisher Scientific 
GlutaMAX Thermo Fisher Scientific 
Glasgow’s minimal essential medium (GMEM) Thermo Fisher Scientific 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(Hepes) 1M 

Thermo Fisher Scientific 

Hoechst 33258 Thermo Fisher Scientific 
Iscove's modified Dulbecco's medium (IMDM) Pan Biotech 
Imperial Protein Stain Thermo Fisher Scientific 
Intercept blocking buffer LiCOR 
Leibovitz (L)-15 Thermo Fisher Scientific 
Lipofectamine2000 Thermo Fisher Scientific 
Lipofectamine RNAiMAX Thermo Fisher Scientific 
MeOH Sigma 
Ammonium Chloride (NH4Cl) Sigma 
NP-40 Merck 
NuPAGE™ MOPS SDS Running Buffer  Thermo Fisher Scientific 
PFA Merck 
Penicillin Capricorn 
Phosphate Buffer Saline (PBS) (w/o Ca2+ or Mg2+) Merck 
Precast gel 4-12% bis tris Thermo Fisher Scientific 
Precast gel 10% bis tris Thermo Fisher Scientific 
Prestained protein marker Thermo Fisher Scientific 
Protease inhibitor cocktail Roche 
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Saponin Sigma 
Streptomycin Capricorn 
Sucrose MP biomedicals 
See Blue Plus strand Thermo Fisher Scientific 
Triton X-100 Sigma 
Trypsin Pan Biotech 
Tryptose phosphate broth (TPB) Sigma 
Tween20  Roth 

 

 

Table 11. Lipid MS internal standard master mix ingredients. 

Lipid Information 

50 pmol PC (13:0/13:0, 14:0/14:0, 20:0/20:0; 21:0/21:0) Avanti Polar Lipids 
50 pmol SM (d18:1 with N-acylated 13:0, 17:0, 25:0) Semi-synthesized (261) 
100 pmol deuterated cholesterol (D7-cholesterol) Cambridge Isotope 

Laboratory 
27 pmol PI (17:0/ 20:4) Avanti Polar Lipids 
25 pmol PE (14:1/14:1, 20:1/20:1, 22:1/22:1) Semi-synthesized (261) 
25 pmol PS (14:1/14:1, 20:1/20:1, 22:1/22:1) Semi-synthesized (261) 
25 pmol DAG (17:0/17:0) Larodan 
25 pmol CE (9:0, 19:0, 24:1)  Sigma 
24 pmol TAG (LM-6000/D5-17:0,17:1,17:1) Avanti Polar Lipids 
5 pmol Cer (d18:1 with N-acylated 14:0, 17:0, 25:0) 
or         Cer (d18:1/18:0-D3) 

Semi-synthesized (261) 
or Matreya 

5 pmol GlcCer (d18:1 with N-acylated 14:0, 19:0, 27:0) 
or         GlcCer (d18:1/17:0) 

Semi-synthesized (261) 
or Avanti Polar Lipids 

5 pmol Hex2Cer (d18:1 with N-acylated C17 fatty acid) Semi-synthesized (261) 
10 pmol PA (17:0/20:4) Avanti Polar Lipids 
10 pmol PG (14:1/14:1, 20:1/20:1, 22:1/22:1) Semi-synthesized (261) 
10 pmol LPC (17:1) Avanti Polar Lipids 
22 pmol plPE-mix 1 (16:0p/15:0, 16:0p/19:0, 16:0p/25:0) Semi-synthesized (262) 
31 pmol plPE-mix 2 (18:0p/15:0, 18:0p/19:0, 18:0p/25:0) Semi-synthesized (262) 
43 pmol plPE-mix 3 (18:1p/15:0, 18:1p/19:0, 18:1p/25:0) Semi-synthesized (262) 
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Table 12. List of machines. 

Machine Company 

Casting system compact gel electrophoresis Biometra 
Centrifuge 5430 R Eppendorf 
Consort EV231 power supplies Merck 
Eclipse Ts2 microscope Nikon 
FiveEasy pH meter Mettler Toledo 
Flow cytometer Canto BD 
Flow cytometer Celesta BD 
Flow cytometer Verse BD 
Heraeus Fresco 21 Centrifuge Thermo Fisher Scientific 
Heraeus Megafuge 40R Centrifuge Thermo Fisher Scientific 
iBlot gel transfer device Thermo Fisher Scientific 
Infinite M200Pro plate reader Tecan 
L8-60M Ultracentrifuge Beckman Coulter 
Leica SP8 microscope Leica 
LI-COR Odyssey CLx scanner LiCOR 
Minifold®-1 Dot-Blot System Whatman 
Optima L-90K Ultracentrifuge Beckman Coulter 

 

 

Table 13. List of software. 

Software Notes Company/Reference 

Adobe Illustrator Figure design Adobe Inc 
BD FACS Diva Acquisition, analysis BD 
BD FACS Suite Acquisition BD 
BioRender Figure design BioRender.com 
ChemSketch Figure design ACD/Labs, www.acdlabs.com, 2022 
Fiji Analysis (263) 
FlowJo v10.8.1 Analysis Treestar 
GraphPad Prism v9.1.1 Analysis, figure design GraphPad Software 
ImageJ Analysis (264) 
Image Studio Lite Acquisition, analysis LiCOR 
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5.2. Methods 

5.2.1. Cells 

Cell culture. Mammalian cell lines and primary cells were kept in an 

atmosphere of 5% CO2 at 37°C, while arthropod cells were grown at 28°C. Cell 

culture products were purchased from Thermo Fisher Scientific or Merck. BHK-21 

cells were cultured in Glasgow’s minimal essential medium (GMEM) supplemented 

with 10% tryptose phosphate broth (TPB) and 5% FBS. A549, HEK 293T, HeLa, and 

Vero E6 cells were grown in Dulbecco′s Modified Eagle′s Medium (DMEM) 

supplemented with 10% FBS. For A549 cells, DMEM was additionally supplemented 

with 1x non-essential amino acids (NEAA). Bone marrow cells from C57BL/6 mice 

were kindly provided by Bernd Lepenies (University of Veterinary Medicine 

Hannover) and the isolation was described elsewhere (246). To differentiate BMCs 

into BMDCs, 5% of granulocyte macrophage colony-stimulating factor (GM-CSF) 

supernatant derived from X63 cells was used in Iscove's Modified Dulbecco's Media 

(IMDM) supplemented with 10% FBS (265). After 48 h, fresh differentiation medium 

was added on top and on day four, the medium was exchanged. Nine days after the 

start of the differentiation, cells were tested for CD11c surface expression using the 

antibody PE anti-murine CD11c to confirm differentiation into BMDCs by flow 

cytometry acquisition and FlowJo analysis. Experiments with these cells were 

performed on days nine and ten. IDE-8 (Ixodes scapularis) tick cells were cultured 

in Leibovitz (L)-15 medium supplemented with 10% TPB, 5% FBS, 0.1% bovine 

lipoprotein, and 1x GlutaMAX, while IRE/CTVM-19 (Ixodes Ricinus) tick cells were 

grown in L-15 medium supplemented with 20% FBS, 10% TPB, and 1x GlutaMAX. 

For a complete list of used cells refer to table 4. 

Lentivirus production. Lentiviruses to transduce BHK-21 cells to achieve a 

stable expression of DC-SIGN were produced in HEK 293T cells. Approximately 

5x106 cells in 10 cm-dishes were co-transfected with the plasmids pCMV ∆R.91 (HIV 

gag/pol/rev/tat), pMD2-G (VSV-G) (both Addgene) and pTRIP-DC-SIGN wt (252) 

using Lipofectamine 2000. For a complete plasmid list refer to table 5. The medium 

was exchanged 16 hpt, and the lentiviral supernatant was harvested 24 h later. After 

eliminating cell debris via centrifugation (1500 x g, 20 min, 4°C), the supernatant 

was directly used to transduce BHK-21 cells or stored at -80°C. 

Lentiviral transduction to create stable cell lines. To create BHK-21 cell 

stably expressing DC-SIGN, roughly 3x105 cells per well in a 6-well-plate were 
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transduced using the lentivirus-containing supernatant in different concentrations. 

12 h later the medium was exchanged and 48 h post transduction, cells were sub-

cultured and tested for DC-SIGN expression using the antibody mouse anti-human 

DC-SIGN+DC-SIGNR AF405/PE detecting DC-SIGN on the cell surface. 

Subsequently, expression levels were determined by flow cytometry acquisition and 

FlowJo analysis.  

siRNA-mediated silencing. Cells were reversely transfected using 

Lipofectamine RNAiMAX reagents as described previously and then seeded (163). 

Briefly, 20 nM final concentration of each siRNA (table 5) was used to transfect 

approximately 2.5x104 cells three days before infection or analysis to confirm 

silencing. Non-targeting siRNAs were used as controls in every experiment. At least 

two non-overlapping siRNAs were tested for each gene of interest, for a complete 

list refer to table 3. 

Drug treatments of cells. GCA, NB-DGJ, NB-DNJ, PDMP, and PPMP were 

all dissolved in MeOH. To pharmacologically inhibit GBF1, cells were pretreated with 

the indicated GCA concentrations for 1 h before infection. For UGCG inhibition 

experiments, cells were pretreated with the indicated drug concentrations for 16 h in 

case of PPMP or PDMP, or for 24 h with NB-DNJ or NB-DGJ (24 h). 

 

5.2.2. Viruses 

Virus particle production. All viruses were amplified from susceptible cell 

lines according to standard protocols. UUKV, GERV, RVFV wt, RVFV ∆NSs GFP, 

SFV, and TOSV could all be produced from BHK-21 cells and were previously 

described (table 7) and (20, 150, 163, 171, 257–260). For efficient production, 

roughly 70-80% confluent BHK-21 cells were infected with a low MOI (e.g., MOI 0.05 

for UUKV) in the absence of FBS. After 1 h the medium was exchanged to remove 

unbound input virus. The infectious supernatant was harvested when 

cytopathogenic effects became observable (UUKV ~48 h, TOSV ~48 h, RVFV wt 

~36 h, RVFV ∆NSs GFP ~60 h, GERV ~36 h, SFV ~24 h) and cell debris were 

cleared by centrifugation (1500 x g, 20 min, 4°C). UUKV was additionally produced 

in IDE-8 tick cells, where FBS was applied during production. Cells were infected at 

an MOI of ~ 0.001 and after 12 h half of the input was discarded, and fresh medium 

was added. An aliquot of the infectious supernatant was taken starting from three 

days post infection for at least 12 weeks and half of the supernatant was harvested 
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and replaced whenever the viral titer in the supernatant was higher than 5x107 ffu/ml. 

Ebola VLPs were kindly provided by Sophie Winter (Chlanda group, Bioquant 

Heidelberg) and the production was published elsewhere (266). Production of VSV-

G pseudotyped and GFP-expressing HIV-1 VLPs (VSV-HIVLP-GFP) was previously 

described and VLPs were kindly provided by Thorsten Müller (Kräusslich group, CIID 

Heidelberg) (267). 

Semi-purification of virus particles. The infectious supernatant was semi-

purified through a 25% sucrose cushion (in HNE buffer) by ultracentrifugation 

(96,000 x g, 2 h, 4°C). Viral pellets were resuspended in HNE buffer and 

characterized by titration and protein semi-quantification. As in the CIID BSL-3 

facilities RVFV wt is not allowed to be ultracentrifuged, here I used the cleared 

infectious supernatant for titration and further experiments.  

Titration of viral preparations. Virus titers were determined on BHK-21 cells 

by either pfu titration (GERV, TOSV, RVFV wt, SFV) or ffu titration (UUKV, 

RVFV ∆NSs GFP) and the MOI for every experiment is given based on this titer 

determined on BHK-21 cells. Titration assays via pfu were performed in 6-well-

plates. Approximately 80-90% confluent BHK-21 cells were infected with a serial 

dilution of the viral stock in 500 µl and after 1 h an agarose solution was added so 

that viral spread through the supernatant was not possible. After three (SFV), four 

(GERV, RVFV wt), or five (TOSV) days, the agarose was fixed in 4% PFA and 

subsequently removed. Then, the cell layer was fixed in 4% PFA and stained with a 

crystal violet solution. After washing, plaques were counted, and the viral infectious 

titer was determined as pfu/ml = number of plaques x 2 x dilution factor. Titration of 

UUKV and RVFV ∆NSs GFP was determined via ffu assay. Here, about 1.6x105 

BHK-21 cells were infected in a 24-well-plate by serial dilutions of the respective 

virus in 200 µl. A CMC solution was added after 1 h to prevent viral spread through 

the medium and 30 (RVFV ∆NSs GFP) or 72 (UUKV) hpi the medium was removed, 

and the wells were fixed in 4% PFA. Foci were visualized by an antibody staining 

using rabbit anti-RVFV N (SE2323) or rabbit anti-UUKV (U2) antibodies and a 

secondary antibody goat anti-rabbit horseradish peroxidase (HRP). DAB/nickel 

substrate was applied for a dark grey reaction product visualizing infected foci. The 

viral infectious titer was determined as ffu/ml = number of foci x 5 x dilution factor. 

For a list of antibodies and buffers refer to table 6 and table 9, respectively. 

Semi-quantification of viral proteins via Coomassie blue staining. In order 

to determine the nucleoprotein to glycoprotein ratio, to semi-quantify the 
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glycoproteins for labeling, and to ensure viral preparation are free of contaminants, 

I separated the viral proteins by SDS-PAGE. Three different volumes of the viral 

stock (e.g., 2.5 µl, 5 µl, 10 µl) were applied and a BSA standard serial dilution (62.5, 

125, 250, 500, 1000 ng) on the same gel was used for semi-quantification. After 

separation, the gel was fixed for 1 h in 50% MeOH and 10% acetic acid in H2O and 

then it was stained using imperial protein stain (Thermo Fisher Scientific). Washing 

was performed in H2O, gels were acquired using the LiCOR Odyssey imaging 

system, and analysis was performed employing Image Studio Lite or Image J. A 

standard curve was determined for the serial dilution of BSA (Figure 11 C), enabling 

the semi-quantification of the structural viral proteins GN, GC, and N. 

Fluorescent labeling of virions. Viral glycoproteins were labeled using 

AF488 (results 2.3.) or Atto488 (results 2.4.) amine-reactive NHS esters as 

previously described (156). Roughly 100 µg of glycoproteins were labeled in 

molecular glycoprotein to dye ratios of 1:2 (UUKV, RVFV ∆NSs GFP, and TOSV), 

1:3 (GERV), or 1:30 (SFV). I optimized these ratios for the viruses labeled so that 

infectivity was not impacted, but at the same time the labeling appeared sufficiently 

bright.  

Gradient-purification of viral particles. For OMICS approaches, cryo-EM, 

CLR binding studies, and after labeling, virus stocks were purified over a sucrose 

gradient ranging from 15% to 65% sucrose in HNE. After ultracentrifugation 

(96,000 x g, 4°C, 1.5 h, brakes off), a viral band became visible and was extracted. 

Optionally, the sucrose in the purified viral stock was washed away in HNE buffer 

using another ultracentrifugation step (96,000 x g, 4°C, 2 h). Viral preparations were 

characterized for infectivity, absence of contaminants, and nucleoprotein to 

glycoprotein ratios.  

Reverse genetics system for UUKV. Plasmids to reversely transcribe UUKV 

have been described elsewhere (150). Briefly, 6x105 BHK-21 cells were transfected 

with the plasmids pRF108-S, pRF108-M, and pRF108-L constituting the anti-

genomic full length UUKV S, M, and L RNA segments, respectively, as well as the 

expression plasmids pUUK-N and pUUK-L coding for the UUKV nucleoprotein and 

the RdRp under the control of a CMV promoter. Transfection was performed using 

Lipofectamine 2000, and 24 hpt medium was exchanged. When cytopathogenic 

effects were visible on day three, supernatant was harvested and viral particles were 

further passaged in BHK-21 cells by virus production protocols.  
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Minigenome system to investigate UUKV replication. To assess UUKV 

replication, the pRF108-M coding for the UUKV glycoproteins was omitted to ensure 

no progeny virus particles are released and the readout in this assay is only 

replication. To allow for easy quantification via flow cytometry, the plasmid 

pRF108-S.∆NSsGFP was generated by synthesizing the cDNAs corresponding to 

the 5’ noncoding region (NCR)-N sequence and GFP sequence-3’ NCR by 

polymerase chain reaction (PCR) from plasmid DNA encoding the UUKV S segment 

and GFP. Then the cDNAs were amplified by the primers 

AATCGTCTCTAGGTACACAAAGACCTCCAACTTAGCTATCG and 

AATCGTCTCTGGGCCGAAGCCCTTTTAGAGTCC, and the primers 

AATCGTCTCTGCCCAAACTAGAGTCCGGACTTGTACAGCTCG and 

AATCGTCTCTGGGACACAAAGACCCTCCAACATTAAGCATGGTGAGCAAGGG

CGAGGAGC, respectively. After digestion, the PCR products were subcloned into 

the pRF108 plasmid vector (163). 

UUKV VLP assay to explore virion release. For the UUKV VLP release 

experiment, the expression plasmids pUUK-GN/GC and pUUK-N coding for the viral 

glycoproteins and the nucleoprotein under a CMV promoter, were co-transfected. 

Cells and supernatant were harvested 48 hpt. Cells were lysed and VLPs were 

concentrated by ultracentrifugation. Subsequently, viral glycoproteins were 

assessed in cell lysates and UUKV VLPs by western blotting (163). 

 

5.2.3. Flow cytometry-based assays 

Flow-cytometry based virus infection experiments. Virus infections assays 

were performed as previously described (52). Briefly, cells were infected with the 

indicated MOIs of UUKV, TOSV, SFV, RVFV ∆NSs GFP, RVFV wt, or GERV. After 

1 h, the viral input was discarded and replaced by fresh medium, incubated for the 

indicated infection times, and then fixed in 4% PFA. Infected cells were 

permeabilized by 0.1% saponin in the FACS permeabilization buffer (FPB) and viral 

antigens were stained by primary (1 h at room temperature or 16 h at 4°C) and 

secondary antibodies (45 min) listed in table 6. Only monitoring of RVFV ∆NSs GFP 

infection levels did not require an antibody staining as GFP expression served as a 

measure for viral replication. Infection levels were determined by flow cytometry and 

FlowJo analysis (Treestar).  
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Endosomal bypass assay. To delineate drug effects on virus intracellular 

trafficking, penetration, or replication, I forced UUKV fusion on the plasma 

membrane by adding a buffer with pH 5. Thereby endosomal trafficking and fusion 

from late endosomes was circumvented. Endosomal fusion was additionally 

inhibited in the samples where plasma membrane fusion was forced. This was 

achieved by applying the weak lysosomal base NH4Cl (50 mM), which prevents the 

acidification of the endosomes during maturation.  

Binding and internalization assay with fluorescently labeled virus 

particles. To assess virus binding to cells, AF488 or Atto488 fluorescently labeled 

viral particles were bound to target cells on ice. After washing steps in PBS to get 

rid of unbound virus particles, fluorescence was acquired by flow cytometry and 

analyzed via FlowJo (Treestar). For internalization assays, after binding, cells were 

washed in PBS and then rapidly warmed up to 37°C for 30 min to allow 

internalization of labeled virions. Afterwards trypan blue was employed to 

differentiate between viral particles that were bound to the cell surface and viral 

particles that were already taken up. Trypan blue has the capacity to quench AF488 

or Atto488 fluorescence. However, as it is not cell permeable, fluorescent signal from 

already internalized viral particles cannot be quenched by trypan blue. Fluorescence 

signals were analyzed by flow cytometry and FlowJo (Treestar). 

Binding competition assay. To determine, whether GlcCer can block binding 

sites of UUKV, soluble C6-GlcCer was bound to cells on ice for 2 h at the indicated 

concentrations and then fluorescently labeled virions were bound for 1 h. The 

experiment was schematically represented in Figure 29 A. Detection of virus binding 

was monitored by flow cytometry and analyzed with FlowJo (Treestar). 

 

5.2.4. Cryo-EM imaging of UUKV particles 

Cryo-EM sample preparation and data acquisition were performed by Martin 

Obr (Schur group, IST Austria). 

Sample preparation and data acquisition. For cryo-EM imaging of virions, 

the produced viral particles were gradient-purified and washed as described earlier. 

Then, samples were fixed in 4% PFA for 20 min and then vitrified and imaged as 

previously published for GERV (20). Briefly, the fixed virion solution was applied to 

degassed and glow discharged Quantifoil R2/2 Cu grids and then vitrified using EM 

GP2 plunge freezer (Leica) in liquid ethane. Data acquisition was performed with the 
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SerialEM software on a Glacios 200 kV transmission electron microscope equipped 

with Falcon 3 Direct electron detector (Thermo Fisher Scientific). The nominal 

magnification of high-resolution images was 73,000x resulting in a pixel spacing of 

2.019 Å. 

Image analysis. To determine the diameter of virions, the membrane-to-

membrane distance was measured in Fiji from 2D EM images. The diameters along 

the shortest and longest axes were measured for at least 120 virions per sample. 

The aspect ratio was calculated for 37 virus particles by dividing the minimal 

diameter through the maximal diameter.  

 

5.2.5. Label-free protein MS 

The co-immunoprecipitation and the subsequent protein MS screen in four 

biological replicates were performed by Gisa Gerold and Lars Kühn (TWINCORE 

Hannover) and methods were described in (163).  

Co-immunoprecipitation of host proteins with UUKV glycoproteins. 

UUKV particles were bound to A549 cells at an MOI of 2 for 2 h at 4°C. After two 

washing steps the cells were frozen, thawed, and then lysed in 1% NP 40 before 

immunoprecipitation. A549 cells with bound UUKV particles (A549 + UUKV) were 

compared to A549 cell which were incubated with the semi-purified supernatant of 

not infected cells (A549 + mock). Glycoprotein-specific antibodies were covalently 

bound to the aminolink plus protein A/G resin (Pierce) and incubated with the cell 

lysates for 16 h (268). Elution of the UUKV glycoproteins and associated host factors 

was performed in glycine buffer as previously described (269). Eluates of the 

immunoprecipitation assay were explored by LC-MS/MS analysis. 

Label-free protein MS sample preparation. Eluates were prepared for 

protein MS analysis by reduction with 10 mM dithiotreitol, alkylation with 55 mM 

iodoacetamide and digestion with 1 µg LysC (Wako Chemicals) and 1 µg trypsin 

(Sigma) (270). Before loading of the samples to reversed phase C18 StageTips 

(3MTM EmporeTM, IVA Analysentechnik), digestion was terminated by 0.6% (v/v) 

trifluoroacetic acid and 2% (v/v) acetonitrile. Peptides were desalted in 0.5% (v/v) 

acetic acid, eluted using 80% (v/v) acetonitrile in 0.5% (v/v) acetic acid, and 

concentrated and dried by SpeedVac (Thermo Fisher Scientific). For MS acquisition, 

peptide mixtures were resuspended in 2% (v/v) acetonitrile, 0.1% (v/v) trifluoroacetic 

acid, 0.5% (v/v) acetic acid. 
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Label-free protein MS acquisition. Separation of peptides was achieved by 

employing a nanoflow UHPLC instrument (EASY-nLC 1200, Thermo Scientific). 

Then separated peptides were analyzed in a single run using the Xcalibur software 

(Thermo Scientific) by a quadrupole-Orbitrap instrument (Q Exactive HF mass 

spectrometer, Thermo Scientific) with a nanoelectrospray ion source (Thermo 

Scientific) which was coupled to the liquid chromatography instrument (270).  

Label-free protein MS analysis. Proteins were identified and quantified using 

the computational proteomics platform MaxQuant (software version 1.5.5.2) and 

MAXLFQ algorithms (162). The acquired data was analyzed employing the software 

platform R, R Studio, and Persus (271, 272) and is available at the 

ProteomeXchange Consortium via the PRIDE partner repository 

(http://www.proteomexchange.org) using the identifier PXD015194 (273, 274). 

Protein interactions have been uploaded to the IMEx consortium 

(http://www.imexconsortium.org) with the data identifier IM-27097 (275). Potential 

interaction partners of the UUKV glycoproteins were explored by using A549 + mock 

as a negative control and the statistical analysis was performed by applying a 

parametric two-tailed Welch’s t-test. To determine whether potential UUKV host 

factors differed in abundance, a false discovery rate (FDR) of 1% and a S0 parameter 

of 1 were employed (276, 277). 43 significantly enriched proteins were identified in 

GN/GC co-immunoprecipitations from A549 + UUKV compared to A549 + mock. The 

four structural UUKV proteins GN, GC, N, and L were ignored for further analysis and 

the 39 host factors were characterized by annotation enrichment analysis using 

annotations from the UniProtKB Keywords (278). Host proteins were classified as 

membrane associated if annotated as “membrane”, “plasma membrane” or 

“intracellular membrane-bounded organelle” according to GOCC (279). Pathway 

analysis was performed by using molecular network enrichment analysis of the 

ingenuity pathway analysis software package (Qiagen). 

 

5.2.6. Lipid MS 

The lipid MS screen and data evaluation was performed in collaboration with 

Christian Lüchtenborg and Britta Brügger (BZH Heidelberg).  

Lipid MS sample preparation. To analyze the lipidome of UUKV-infected 

BHK-21 cells and UUKV particles, cells were infected for approximately 48 h until 

cytopathogenic effects appeared. Cells were washed once in ice cold PBS, once in 
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ice cold 155 mM ammonium bicarbonate buffer (pH <7.6) and then scraped off in 

MeOH. Virions from the infectious supernatant and the not infected supernatant 

were semi-purified and subsequently gradient-purified by ultracentrifugation. After 

an additional wash in HNE buffer, 20 µl sample were taken up in 500 µl MeOH. All 

samples were kept at -80°C until acquisition. UUKV-infected BHK-21 cells which 

were treated with PPMP were harvested 24 hpi and treated as described above. 

TOSV- and SFV-infected BHK-21 cells were harvested approximately 36 hpi and 

13 hpi, respectively, when cytopathogenic effects became apparent.  

Lipid MS analysis. Lipid extractions, MS analysis, and data evaluation were 

previously described in (280). Lipid extractions from cells were performed using an 

acidic liquid-liquid extraction method (281). Exceptionally, plasmalogens were 

extracted under neutral conditions. In order to adapt extraction volumes of different 

sampled to similar total lipid amounts, a test extraction determining the concentration 

of PC was done. Subsequently, similar amounts of lipids for each sample were 

subjected to extraction, if possible, approximately 2000 pmol for cells or 250 pmol 

for virus particles. Internal lipid standards for each lipid class resembling the 

structure of the endogenous lipid species were added prior to extractions to allow 

quantification. Using the master mix specified in table 11, lipid species were 

calculated based on the internal lipid standard intensities. For lipid analysis of viral 

particles, 0.5x the volume of the master mix was used for the lipid extraction. plPEs 

could not be quantified for virions as the concentration in the sample was too low. 

To evaporate the final CHCl3 phase, a gentle stream of nitrogen was applied at 37°C. 

After lipid extraction, samples were either directly subjected to MS analysis, or were 

stored at -20°C until analysis. For the MS analysis, extracted lipids were 

resuspended in 10 mM ammonium acetate in 60 µl MeOH. To analyze cholesterol, 

lipid extracts were again evaporated and the acetylated as described in (282). MS 

analysis was performed using a QTRAP 6500+ mass spectrometer (Sciex) with chip-

based (HD-D ESI Chip, Advion Biosciences) electrospray infusion and ionization via 

a Triversa Nanomate (Advion Biosciences). LipidView (Sciex) and an in-house 

developed software (ShinyLipids) were employed for data evaluation. 

 

5.2.7. CLR binding studies 

An ELISA-based assay to screen for CLRs interacting with UUKV was 

performed in collaboration with Kathleen Schön (Lepenies group, University of 
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Veterinary Medicine Hannover) using the methods reported by Monteiro and 

colleagues (236, 237). 

CLR-hFc fusion protein library. The production of the CLR-hFc fusion 

protein library was previously described (283, 284). Briefly, amplified cDNA 

fragments of the CLR extracellular domain were ligated into a pFUSE-hIgG1-Fc 

expression vector (InvivoGen) which was transfected into Chinese hamster ovary 

(CHO)-S cells. CLR-hFc fusion proteins were purified from the supernatant by using 

a HiTrap protein G column (GE Healthcare). 

ELISA-based UUKV/CLR binding studies. To assess UUKV binding to the 

respective CLRs, gradient-purified and washed UUKV stocks or not infected 

supernatant which was treated the same way were applied to half-area microplates 

(Greiner Bio-one) to coat them overnight at 4°C. After three washing three times with 

150 µl 0.05% Tween-20 in 1x PBS, the wells were blocked in 150 µl 1% BSA in 1x 

PBS for 2 h. The plate was again washed. Then 250 ng/well CLR-Fc fusion proteins 

were added in 50 µl lectin binding buffer (50 mM HEPES, 5 mM MgCl2, 5 mM CaCl2) 

for 1 h. After three washing steps, 50 µl of anti-human IgG-HRP antibody (Dianova) 

diluted 1:5,000 in 1X PBS, 1% BSA and 0.05% Tween-20 was applied for 1 h. The 

plate was again washed. Subsequently, 50 µl of the substrate solution 

O-phenylenediamine dihydrochloride substrate tablet (Thermo Fisher Scientific) in 

24 mM citrate buffer, 50 mM phosphate buffer and 0.04% H2O2 was applied, the 

reaction stopped with 50 µl of 2.5 M sulfuric acid after 5 min and absorbance was 

acquired at 495 nm using a Multiskan GO microplate spectrophotometer (Thermo 

Fisher Scientific). 

 

5.2.8. Protein and lipid expression analysis 

Western blotting. For protein analysis, cells were lysed in 0.1% Triton X-100 

or NEB denaturing buffer (for N-glycosylation analysis of glycoproteins) and proteins 

were separated by SDS-PAGE. After proteins were transferred to polyvinylidene 

difluoride membranes (Thermo Fisher Scientific) by using the iBlot gel transfer 

device (Thermo Fisher Scientific), they were blocked in intercept blocking buffer 

(LiCOR). Membranes were incubated with primary antibodies against UGCG, UUKV 

proteins, UUKV GN, UUKV GC, GBF1, or actin for 1 h at room temperature or for 16 h 

at 4°C. After washing, LiCOR secondary antibodies were applied for 45 min at room 

temperature. For a complete antibody list refer to table 6. Membranes were acquired 
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with a LI-COR Odyssey CLx scanner and analyzed with Image Studio Lite or 

ImageJ. 

Infectivity assay. UUKV particles produced in the presence of absence of 

PPMP were characterized regarding titer (described above in 5.2.2. Viruses – 

Titration of viral preparations) and regarding their viral protein content to enable 

conclusions regarding the number of infectious particles per total virus particles. The 

ratio of ffu/viral protein amount was determined by calculating ratio between 

infectious titer of released virions (ffu/ml) and the relative signal of the total amount 

of released viral particles (per ml). For each experiment, the ratio of ffu/viral protein 

amount was normalized to the sample not containing PPMP.  

Binding assay. To compare the binding efficiency of UUKV particles produced 

in the absence or presence of PPMP, same total viral amounts (normalized to N) 

were bound to BHK-21 cells on ice for 2 h. The normalization of input virus was 

calculated based on previously performed western blot analyses of the viral stocks. 

After three washing steps, bound virions were monitored by western blot analysis of 

viral proteins described above.  

Dot blotting. In addition to lipid MS analysis, GlcCer expression of cells was 

quantified by dot blot assays. Cells were lysed in 0.1% Triton X-100 and cell debris 

were eliminated by centrifugation. Lysates were directly applied to nitrocellulose 

membranes (Whatman) using the Minifold®-1 Dot-Blot System (Whatman). GlcCer 

expression was monitored applying an anti-GlcCer antibody (1:250, Antibody 

Research) and LiCOR secondary antibodies. Membranes were analyzed with a 

LI-COR Odyssey CLx scanner Image Studio Lite or ImageJ software. 

 

5.2.9. Statistical analysis 

Prism v9.1.1 (GraphPad Software) was used for graph plotting of numerical 

values and statistics. Figures show the means (± SEM) from at least three 

individually performed experiments and data was normalized to levels of cells 

transfected with non-targeting control siRNAs or solvent controls for the respective 

drug if not stated otherwise. Figure legends indicate sample sizes, statistical 

methods, and p values when appropriate. 
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