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IV. Summary

Zoonotic viruses pose a global threat to both human and veterinary health, as recently
demonstrated by the emergence of SARS-CoV-2, the causative agent of the COVID-19
pandemic. In addition to airborne viruses, highly pathogenic arthropod-borne viruses have
emerged globally in recent decades, essentially due to human activities, global warming,
habitat destruction, and globalization. Ideally, the prevention of the emergence and spread
of emerging pathogens will require approaches that target the first steps of infection and
that block the release of the viral genome into the cytosol, prerequisites for productive

infection.

This PhD thesis work was dedicated to elucidating the entry mechanisms of two unrelated
zoonotic emerging enveloped viruses, SARS-CoV-2 and Toscana virus (TOSV), at the
cellular and molecular levels. TOSV is a sand fly-borne neurotropic pathogen of the family
Phenuiviridae in the order Bunyavirales. TOSV is widely distributed in Mediterranean
countries, where it is one of the most common causes of human meningitis during the
summer. However, TOSV remains a neglected pathogen and little is known about its cell
life cycle. Here, | developed sensitive, quantitative, and accurate assays involving flow
cytometry, fluorimetry, and microscopy to decipher each step of the TOSV entry program,
including virus binding, internalization, intracellular trafficking, and membrane fusion.
Using fluorescently labeled TOSV particles, | showed that TOSV traffics along the
endosomal machinery in induced pluripotent stem cell-derived human neurons and cell
lines, first entering Rab5a+ early endosomes and then Rab7a+ and LAMP1+ late
endosomal compartments. TOSV entry required intact late endosomes, from which acid-
activated membrane fusion occurred. The pH threshold for fusion was optimal and faster
at pH 5.5, but fusion also happened with prolonged pre-exposure of viral particles to the
slightly acidic pH present in early endosomes. Unexpectedly for a class-Il fusion virus like
TOSV, the virus and other bunyaviruses remained infectious when exposed to low pH in

the absence of a target membrane.

In parallel, | studied the mechanism of entry of SARS-CoV-2 into various cell lines
representing the tissues targeted during infection. | found that authentic SARS-CoV-2
entered the cytosol from or near the plasma membrane in a rapid, pH-independent
manner when host cells expressed the trypsin-like protease TMPRSS2. In contrast, in
cells lacking TMPRSS2 expression, SARS-CoV-2 entry was slower and relied on both
endosome maturation and acid-dependent endolysosomal cathepsins. Pre-activation of
viral particles by proteases bypassed the need for acidification and cathepsin L activity. In

addition, | established a microscopy-based cell-cell fusion assay and found that proteolytic

Xl



processing of S was necessary and sufficient to induce fusion, whereas acidification was

not required.

In conclusion, my results expand our knowledge of the entry of emerging zoonaotic viruses.
TOSV makes atypical use of endosomal acidity to find its way out of the endocytic
machinery, whereas SARS-CoV-2 uses different cellular proteases for membrane fusion
and penetration independent of acidification. While the TOSV fusion process itself is
triggered by low pH, SARS-CoV-2 requires acidification only for the activity of cathepsins
that activate the viral particles. Overall, our study highlights the diversity of strategies
developed by viruses to subvert cellular machinery and enter host cells and may provide a

basis for the development of antiviral strategies.

Xl



V. Zusammenfassung

Zoonotische Viren stellen eine globale Bedrohung fiir die Gesundheit von Mensch und
Tier dar, wie klrzlich das Auftreten von SARS-CoV-2, dem Erreger der COVID-19-
Pandemie, gezeigt hat. Neben Viren, die Uber die Luft Gbertragen werden, sind in den
letzten Jahrzehnten weltweit auch hoch pathogene, durch Arthropoden tbertragene Viren
aufgetreten, was im Wesentlichen auf menschliche Aktivitaten, die globale Erwé&rmung,
die Zerstorung von Lebensrdumen und die Globalisierung zurtickzufihren ist.
Idealerweise erfordert die Verhinderung des Auftretens und der Ausbreitung neu
auftretender Krankheitserreger Ansatze, die auf die ersten Schritte der Infektion abzielen
und die Freisetzung des viralen Genoms in das Zytosol blockieren, was die

Voraussetzung fur eine produktive Infektion ist.

In dieser Doktorarbeit wurden die Eintrittsmechanismen von zwei nicht verwandten
zoonotischen, auftauchenden behdillten Viren, SARS-CoV-2 und Toscana-Virus (TOSV),
auf zellularer und molekularer Ebene aufgeklart. TOSV ist ein von Sandfliegen
Ubertragener neurotropischer Erreger aus der Familie der Phenuiviridae in der Ordnung
der Bunyavirales. TOSV ist in den Mittelmeerlandern weit verbreitet, wo es im Sommer
eine der haufigsten Ursachen fir menschliche Meningitis ist. TOSV bleibt jedoch ein
vernachlassigter Erreger, und Uber seinen Zelllebenszyklus ist nur wenig bekannt. Hier
habe ich empfindliche, quantitatve und genaue Assays entwickelt, die
Durchflusszytometrie, Fluorimetrie und Mikroskopie umfassen, um jeden Schritt des
TOSV-Eintrittsprogramms zu entschliisseln, einschlie3lich Virusbindung, Internalisierung,
intrazellularer Transport und Membranfusion. Unter Verwendung fluoreszenzmarkierter
TOSV-Partikel konnte ich zeigen, dass TOSV in aus induzierten pluripotenten
Stammzellen abgeleiteten menschlichen Neuronen und Zelllinien entlang der
endosomalen Maschinerie wandert und zunachst in friilhe Rab5a+-Endosomen und dann
in spate Rab7a+- und LAMP1+-Endosomen-Kompartimente gelangt. Fir den Eintritt von
TOSV waren intakte spate Endosomen erforderlich, von denen aus eine durch Saure
aktivierte Membranfusion stattfand. Der pH-Schwellenwert fur die Fusion war bei pH 5,5
optimal und schneller, aber die Fusion erfolgte auch bei langerer Préexposition der
Viruspartikel gegeniiber dem leicht sauren pH-Wert in den friihen Endosomen. Unerwartet
fur ein Klasse-llI-Fusionsvirus wie TOSV blieben das Virus und andere Bunyaviren
infektios, wenn sie einem niedrigen pH-Wert in Abwesenheit einer Zielmembran

ausgesetzt waren.
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Parallel dazu untersuchte ich den Mechanismus des Eindringens von SARS-CoV-2 in
verschiedene Zelllinien, die die Zielgewebe der Infektion reprasentieren. Ich fand heraus,
dass authentisches SARS-CoV-2 schnell und pH-unabhangig von oder nahe der
Plasmamembran in das Zytosol eindringt, wenn die Wirtszellen die trypsinartige Protease
TMPRSS2 exprimieren. Im Gegensatz dazu war der Eintritt von SARS-CoV-2 in Zellen
ohne TMPRSS2-Expression langsamer und hing sowohl von der Endosomenreifung als
auch von saureabhangigen endolysosomalen Kathepsinen ab. Die Voraktivierung der
Viruspartikel durch Proteasen umging die Notwendigkeit der Ansduerung und der
Kathepsin-L-Aktivitat. Dartiber hinaus habe ich einen auf Mikroskopie basierenden Assay
zur Zellfusion durchgefiihrt und festgestellt, dass die proteolytische Verarbeitung von S
notwendig und ausreichend war, um die Fusion einzuleiten, wahrend eine Ansduerung

nicht erforderlich war.

Zusammenfassend lasst sich sagen, dass meine Ergebnisse unser Wissen Uber den
Eintritt neuer zoonotischer Viren erweitern. TOSV nutzt auf atypische Weise die
endosomale Aziditat, um aus der endozytischen Maschinerie herauszukommen, wahrend
SARS-CoV-2 verschiedene zellulare Proteasen fiir die Membranfusion und -penetration
unabh&ngig von der Azidifizierung nutzt. Wahrend der TOSV-Fusionsprozess selbst durch
einen niedrigen pH-Wert ausgel6st wird, bendtigt SARS-CoV-2 eine Ansauerung nur fir
die Aktivitdit von Kathepsinen, die die Viruspartikel aktivieren. Insgesamt unterstreicht
unsere Studie die Vielfalt der Strategien, die Viren entwickelt haben, um zellulare
Mechanismen zu unterlaufen und in Wirtszellen einzudringen, und kénnte eine Grundlage

fur die Entwicklung antiviraler Strategien bilden.
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1. Introduction

1.1 Zoonotic emerging viruses

The term "zoonosis" is derived from the Greek words "zoon" and "nosos", meaning animal
and illness. According to the World Health Organization (WHO), it includes any disease or
infection that is transmitted from vertebrate animals to humans or vice versa (1). Many
zoonotic viruses pose a major threat to humans and have caused numerous outbreaks. It
has been reported that more than 60% of human pathogens are zoonoses and according
to the R&D Blueprint list of priority pathogens published by the WHO, all eleven named
priority pathogens are of zoonotic origin (2, 3). In addition, zoonotic viruses often have a
wide range of hosts and can also infect animals and plants. Together, they pose a major

threat to human and animal health and agricultural productivity.

Zoonotic viruses can be airborne, foodborne, transmitted directly from animals to humans,
or vector-borne, transmitted indirectly from animals to humans via arthropod vectors such
as mosquitoes and ticks. In the latter case, we speak of arthropod-borne viruses
(arboviruses). While some viruses spread to humans only occasionally, others have
caused major outbreaks and are now exclusively human pathogens, such as the human
immunodeficiency virus 1 (HIV-1). Some zoonoses are considered emerging. As defined
by the WHO, an "emerging zoonosis is a zoonosis that is newly recognized or newly
evolved, or that has occurred previously but shows an increase in incidence or expansion
in geographical, host or vector range" (4). Emerging zoonotic diseases are often caused
by enveloped RNA viruses, which have an RNA genome encapsidated by a viral
nucleoprotein surrounded by a lipid bilayer with transmembrane proteins. Important
examples of emerging zoonotic viral diseases are Rift Valley fever (RVF), severe acute
respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), coronavirus
disease (COVID), Ebola, or influenza. The emergence of new diseases is facilitated by

globalization, habitat destruction, climate change, and loss of species and biodiversity (5).

Arboviruses constitute a large group of diverse viral families, most of which belong to the
genera Flavivirus, Alphavirus, or the order Bunyavirales, and with a lower extent to
Rhabdoviridae, Orthomyxoviridae, or Reovirales. Many arboviruses are emerging
pathogens that have undergone dramatic geographic expansion in recent decades (6).
Most arboviruses are not associated with human disease or are causing only mild iliness,
but others are of major medical importance and responsible for large epidemics on a

global scale (7). Some examples of global health-threatening arboviruses are dengue



virus (DENV), Zika virus, yellow fever virus, chikungunya virus, and Rift Valley fever virus
(RVFV), which are all small enveloped RNA viruses. The normal route of transmission to
humans is through the bite of infected arthropod hosts during blood-feeding. The fact that
arboviruses replicate in both vertebrate and invertebrate hosts makes the life cycle of
these viruses dual and complex. After ingestion of viruses from an infected host,
arboviruses cross the midgut epithelium and replicate in the arthropod vector before
producing high titers in the salivary glands. The viruses are then transmitted to new hosts
through a blood meal. The animal host is usually referred to as the reservoir host, which
has a long history of co-evolution with the arbovirus, often in the absence of disease. In
this animal-vector cycle, humans are often a coincidental host and are usually considered

a dead end in the transmission chain.

WHO has published a blueprint list of twelve viral pathogens for which there is an urgent
need to develop prevention, diagnostics, therapies, and research. Most of these
pathogens, if not all, have emerged in human populations as a result of zoonotic diseases.
In this context, the overarching aim of this PhD study was to characterize the early stages
of infection by two emerging zoonotic viruses, one arbovirus, Toscana virus (TOSV), and
one air-borne virus, SARS-CoV-2. TOSV belongs to the Phenuiviridae family in the order
Bunyavirales and is transmitted by sand flies to humans. TOSV causes febrile illness and
is associated with central nervous system manifestations. SARS-CoV-2 is a member of
the Coronaviridae family, presumably derived from bats, and transmitted by air droplets. It

is the causative agent of the COVID-19 pandemic of recent years.

1.1.1 Biological significance of phenuiviruses in the Bunyavirales order

The Bunyavirales is a large order with 14 virus families and about 500 virus isolates (8).
The bunyaviral genome consists of multiple single-stranded RNA segments with a
negative or ambisense coding strategy. They can infect a wide range of hosts, including
vertebrates, invertebrates, and plants, and pose a major threat to livestock, agricultural
productivity, and human public health (9). In addition to TOSV, the major viral families in
the order, namely Arenaviridae, Hantaviridae, Nairoviridae, Peribunyaviridae, and
Phenuiviridae, include important human pathogens associated with life-threatening

disease and death.

The Phenuiviridae family includes more than 130 isolates, most of which are transmitted
to vertebrates by sand flies and ticks, and rarely by mosquitoes. Phenuiviruses can cause

a wide range of diseases in humans and animals, from asymptomatic to life-threatening.



Most human pathogenic members belong to the genera Phlebovirus and Bandavirus, with

RVFV, Dabie virus (DABV) and TOSV causing severe disease in humans.

The highly pathogenic RVFV was first discovered in Kenya in 1930 (10) and has spread to
several African countries and the Arabian Peninsula (11). RVFV is mainly transmitted by
Aedes and Culex mosquitoes and primarily infects domestic animals such as sheep,
goats, and cattle, where it causes high mortality rates in young animals and abortions in
pregnant animals (11, 12). Human infections can range from mild symptoms such as fever
or headache to life-threatening hemorrhagic fever in about 1-2% of cases. Mortality rates
in severe cases ranging from 1% to 47% have been reported for various outbreaks (13).

RVFV was one of the twelve pathogens prioritized by the WHO (3).

The tick-borne DABV, or formerly called severe fever with thrombocytopenia syndrome
virus (SFTSV) is another human life-threatening phenuivirus. The tick-borne DABV was
first reported in China in May 2007 and has since spread and been identified in South
Korea, Japan, and Vietnam (14-17). Human infection has a high mortality rate of 6-27%
and infections are characterized by fever, thrombocytopenia and leukopenia, but in severe

cases can lead to multi-organ failure (18).

1.1.2 The phenuivirus Toscana virus (TOSV)

TOSV is transmitted to vertebrates and humans by sand flies and was first isolated in
1971 from Phlebotomus perniciosus and Phlebotomus perfiliewi sand flies in the Tuscany
region of Italy (19). Most human TOSV infections in endemic areas are asymptomatic or
cause mild influenza-like illness. In some cases, the febrile episode is followed by aseptic
meningitis or meningoencephalitis with an estimated incubation period of 12 days (20).
The disease is usually self-limiting, but in severe cases permanent sequelae or fatal
outcomes have been reported (21, 22). Rare manifestations include hydrocephalus,
erythema, intravascular coagulation, joint pain, deafness, speech impairment, paresis,
testicular manifestations, and neuropathies with Guillain-Barré syndrome-like symptoms
(23-31). TOSV has a wide distribution, especially in the Mediterranean, and is endemic
from May to October, peaking at the same time as vector activity. During the summer
season, the neurotropic TOSV is one of the leading causes of human meningitis and
encephalitis in southern Europe (32). Phylogenetic analyses showed that three lineages of
TOSV diverged, with different distributions in Mediterranean countries (Figure 1). Lineage
A was detected in Italy, Cyprus and Algeria, whereas lineage B circulate in Spain,
Morocco and Croatia (33). Both lineages co-circulate in France, Portugal, Turkey and

Tunisia. To date, lineage C has only been detected at the genetic level in patient samples

3



from Croatia and Greece, but no virus has been isolated yet (34, 35). Serologic studies
and case reports also suggested TOSV circulation in Bosnia-Herzegovina (36), Kosovo
(37), Bulgaria (38), Romania (39), Algeria (40), Libya (41) and Djibouti (42). In addition,
TOSV has been serologically confirmed in patients from Germany and the Netherlands
with meningoencephalitis and no recent history of travel to endemic areas, suggesting that
TOSV is more widespread than expected (43, 44). Although no viral genome has been
detected to date, phlebotomine sand fly species capable of transmitting TOSV have been

found in southern Germany (45, 46).
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Figure 1. Circulation of TOSV in the Mediterranean countries.

Countries, where the TOSV genome was isolated from clinical samples or sand fly pools, were
colored red, blue, or yellow depending on whether the lineages A, B, or C of TOSV, respectively,
were identified. When two lineages co-circulate, the countries have been striped with the two colors
corresponding to the TOSV lineage. Countries with TOSV seroprevalence but no lineage identified

are shown in gray. The map was generated using the online tool mapchart.net.



After its discovery in 1971, TOSV was found in many other species of Phlebotomus and
Sergentomyia sand flies (47-53). Transovarial and venereal transmission has been
reported between sand flies (54-56). In addition, the demonstration that infectious TOSV
persists in sugar meals for seven days suggests that horizontal transmission should also
be considered as a route of TOSV transmission in the vector pool (57). Although TOSV
could survive the winter in diapausing sand fly larvae in endemic countries (58), declining
infection from generation to generation suggests that the virus cannot be maintained in
the vector pool alone (59). To date, no reservoir animal has been defined for TOSV.
Because of the short-lived viremia, it is unlikely that humans act as a reservoir for TOSV.
Serologic studies have detected TOSV-specific antibodies in dogs, cats, livestock, bats
and birds in several endemic countries. Although a high seroprevalence was found in the
dog population in Turkey, experimental infection of dogs resulted in low viral loads and no
excretion of virus (60, 61). High seroprevalence has also been reported in wild birds in
Spain (62), and the TOSV genome has been isolated from wild birds in Turkey (63). The
exact role of birds as reservoir hosts of TOSV remains to be investigated.

1.1.3 Biological significance of Coronaviruses

Members of the Coronaviridae family cause acute and persistent infections in mammals
and birds. Only seven coronaviruses are known to cause human infections, all of which
are zoonotic and originate from bats or rodents (5). While four of these viruses are
associated with mild respiratory illness, SARS-CoV, MERS-CoV, and SARS-CoV-2 can
cause severe disease, including death. Coronaviruses are classified into four genera
called Alpha-, Beta- Gamma-, and Deltacoronavirus. Coronaviruses relevant to human
health belong to Alpha- and Betacoronavirus genera, while most gamma- and
deltacoronaviruses only infect birds (64). The Betacoronavirus genus is further divided
into five subgenera. MERS-CoV belongs to the subgenus Merbecovirus, while SARS-CoV
and SARS-CoV-2 belong to the subgenus Sarbecovirus.

The last two decades have been marked by the emergence of three human life-
threatening betacoronaviruses, SARS-CoV, MERS-CoV, and SARS-CoV-2. It has been
speculated that all three viruses originated in bats and were transmitted to humans via
intermediate hosts. The first cases of SARS-CoV were reported in China in late 2002,
followed by an outbreak in 29 countries with more than 8,000 cases, mostly in Asia and
Canada, with a fatality rate of 11% (65). Palm civets have been proposed as the
intermediate host for initial transmission to humans (66). The last known cases were

reported in 2004. Approximately ten years later, in 2012, MERS-CoV emerged in Saudi



Arabia (67). MERS-CoV is transmitted from dromedary camels to humans. While the
disease is asymptomatic in dromedaries, human infections have a fatality rate of 37.5%
(68). The largest outbreaks occurred in Saudi Arabia and South Korea, and the virus is
still circulating today (69). However, human-to-human transmission is not very efficient
(70).

SARS-CoV-2 was first reported in China in December 2019 (71, 72) before causing a
pandemic that has spread around the world with more than 680 million confirmed cases
and approximately 6.8 million deaths to date. Transmission is mainly by direct contact, air
droplets or aerosol (73). SARS-CoV-2 causes flu-like symptoms with fever, sore throat,
cough, diarrhea, and breathing difficulties (74). Risk factors such as age, heredity, and
pre-existing health conditions can contribute to the development of more severe disease,
including pneumonia, lymphopenia, acute respiratory distress syndrome, multi-organ
failure, and death (75). In addition, histological analysis of the lungs of deceased COVID-
19 patients revealed multinucleated syncytia (76). Many patients also have persistent or
recurrent COVID-19 symptoms after the acute phase of infection, also known as long
COVID. An overall mortality rate of 0-2.5% was estimated during the first wave of
infection, which varied widely between countries (77, 78). Due to the disease burden of
SARS-CoV-2, several vaccines have been developed. Approved SARS-CoV-2 vaccines in
Europe were based on messenger RNA (mRNA) lipid nanoparticles, nonreplicating
adenoviral vectors and protein subunits. Several drugs have been approved for the
treatment of SARS-CoV-2 infection. Specific antiviral treatments include inhibitors of viral
proteases and RNA-dependent RNA polymerase (RdRp). In addition, monoclonal
antibodies against the Spike protein were approved for specific uses during the pandemic.
However, due to their significantly reduced efficacy against emerging variants, most of

their approvals for treatment have been withdrawn.

1.1.4 History of emergence of SARS-CoV-2

SARS-CoV-2 shares 79.6% and 96.2% sequence identity with SARS-CoV and the bat
coronavirus RaTG13, respectively (79). High sequence similarity of the spike receptor
binding domain is also shared with pangolin coronaviruses (80). SARS-CoV-2 has a
polybasic cleavage site at the S1/S2 junction that is not present in SARS-CoV or RaTG13,
a close relative of bat SARS-CoV-2, but is found in other betacoronaviruses (69). The
presence of this unexpected furin site has led to speculation about the natural origin of
SARS-CoV-2. However, the high similarity to pangolin coronaviruses suggests a natural

origin by zoonotic spillover. It has also been suggested that SARS-CoV-2 may be the



result of a recombination event between pangolin and bat coronaviruses (81). Traces of
the first SARS-CoV-2 cases were linked to an animal market in Wuhan, China (82). Since
no bats or pangolins were for sale, the first transmissions to humans likely occurred via an
intermediate host animal (83, 84). From there, SARS-CoV-2 spread throughout the world,
causing the COVID-19 pandemic in recent years.

During the pandemic, SARS-CoV-2 has evolved through various mutations, resulting in
new variants of interest and variants of concern (VOCs). These VOCs were associated
with increased rates of transmissibility, virulence, changes in symptoms, decreased
effectiveness of public health measures or available diagnostics, vaccines and
therapeutics (85). In Europe, further waves of infection have been caused primarily by the
Alpha, Delta, and Omicron variants. Alpha was first documented in the United Kingdom in
September 2020 and was dominant in Europe by early 2021. The Delta variant was first
reported in India in October 2020 and caused another wave of infection in the fall of 2021
in Europe before being rapidly replaced by the Omicron variant. Omicron first appeared in
South Africa in November 2021 and quickly spread around the world to become the

predominant circulating variant by early 2022.

The following chapters first address general principles in the cell biology of virus entry,
essential to understanding the specificities of the infectious entry process of bunyaviruses
and coronaviruses, notably TOSV and SARS-CoV-2.

1.2 Cell biology of virus entry

1.2.1 Virus binding

As for all other viruses, the first step in the entry process of zoonotic viruses is the binding
of viral particles to cell-surface receptors. This plays an important role in the host range
and tissue tropism of pathogens. Some receptors can mediate viral entry without the help
of additional factors. Alternatively, primary receptors often only limit particle movement or
promote interaction with secondary receptors that then coordinate viral uptake. Such
primary and secondary receptors are often referred to as attachment factors and co-

receptors, respectively. Initial attachment often occurs by nonspecific binding to small



charged molecules through electrostatic interactions. These can include carbohydrates on
glycoproteins or glycolipids, which are highly polar structures found on the surface of most
mammalian cells (86). After binding to these primary receptors, viruses must interact with
a specific receptor that either mediates the penetration of viral particles at the plasma
membrane or leads to the internalization and sorting of virions into endosomes (Figure 2).
In this second scenario, the viral particles traffic along the endocytic machinery until they

reach the appropriate intracellular compartments to penetrate and reach the cytosol.
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Figure 2. Strategies of viral entry.

In general, viruses can use two strategies to gain access to the cytoplasm, i.e., either by endocytic
internalization and then penetration from endosomal compartments in a process known as
receptor-mediated endocytosis (A) or by direct penetration from the plasma membrane (B). Each
step of the viral entry process is depicted. Although enveloped viruses are shown, non-enveloped

viruses have developed similar strategies. Figure adapted from (86).

In this respect, non-enveloped viruses have developed specific mechanisms to open
pores in target cell membranes, which are not reviewed here but discussed in detalil
elsewhere (87). Enveloped viruses, on the other hand, ensure their penetration into the

cytosol by the fusion of their envelope with a cellular membrane. This ultimate step in the



virus entry program is essential for the release of their genome into the cytosol, a
prerequisite for viral replication and amplification. Virus entry and fusion are evidently
interesting targets to develop approaches aiming to inhibit and prevent infections by

incoming viruses.

1.2.2 Exploitation of the endocytic machinery by viruses

After binding to specific receptors, most viruses are internalized into cells by receptor-
mediated endocytosis. The uptake of viral particles can be either active, i.e., binding to a
receptor triggers internalization of the viral particles, or stochastic. Particle uptake occurs
via several different pathways, which differ in their adaptor and coat proteins and in the
size of the intracellular vacuoles. The best studied examples are clathrin-mediated
endocytosis, caveolar and lipid raft-dependent endocytosis, and macropinocytosis (Figure
3). These pathways have in common that most of their cargo is delivered to the

endosomal machinery as endocytic vesicles.
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Figure 3. Endocytic uptake pathways used by viruses.

Viral particles can enter cells via different endocytic routes. The figure was adapted from (88).
Adeno 2/5, adenovirus 2/5; Adeno 3, adenovirus 3; CME, clathrin-mediated endocytosis; HPV-16,
human papillomavirus 16; HSV-1, herpes simplex virus 1; LCMV, lymphocytic choriomeningitis
virus; mPy, mouse polyomavirus; SFV, Semliki Forest virus; SV40, simian virus 40; VSV, vesicular

stomatitis virus.

In a simplified model, endosomes form a complex network of heterogeneous organelles
that undergo continuous maturation, transformation, fusion, and fission (89). Roughly, the
endocytic system can be divided into recycling and degradation pathways. In the recycling

pathway, endocytosed plasma membrane components and ligands are returned to the



plasma membrane. In the degradation pathway, macromolecules are transported to
lysosomes via late endosomes (LEs) and degraded. The degradative system is linked to
an exchange pathway between the trans-Golgi network (TGN) and endosomes, which
ensures the supply of new components to lysosomes and the recycling of sorting
receptors from lysosomes back to the TGN. After endocytic uptake, cargos, as viral
particles, enter early endosomes (EEs) and are sorted for either recycling or degradation.
In general, most cargo is sorted for recycling and only a small fraction of mostly

membrane components is transported to lysosomes.

EEs have heterogeneous structures with tubular and vacuolar domains. Cargo to be
recycled is mostly concentrated in the tubular regions of EEs, whereas cargo destined for
degradation is mostly found in the vesicular subdomains (89) (Figure 4). Due to their size,
most viruses are too large for the tubular domains of EEs and are therefore localized in
the vacuolar domains. One of the key players in lysosomal sorting is the endosomal
sorting complex required for transport (ESCRT), which recognizes ubiquitinated cargo
(90). Ubiquitination then serves as a signal for inward vesiculation of the limiting
endosomal membrane, resulting in intraluminal vesicles (ILVs). These vacuolar
subdomains with ILVs subsequently detach from the EEs to become multivesicular bodies
that further mature into LEs. This complete maturation process from EEs to LEs is
accompanied by many changes, including a decrease in pH, switch of Rab proteins,
conversion of phosphoinositide (Pl) species, switch of fusion partners, acquisition of
lysosomal components, switch of motor proteins, movement to the perinuclear region,

temperature sensitivity, and a change in morphology (89).

Rab proteins are small monomeric GTPases that exist in inactive GDP-bound and active
GTP-bound states. By switching between these two states, Rab GTPases can recruit
other proteins and regulate many functions of different organelles that shape organelle
identity. Here, | will focus on the most important ones in the EE and LE maturation, which
are Rab5 and Rab7. However, more than 60 Rab genes have been identified in humans
and are reviewed in (91). For example, Rab5 determines the functions of EEs, whereas
Rab7 has a corresponding role in LEs and lysosomes. Thus, Rab5 is converted to Rab7
during endosome maturation. It is thought that Rab5 recruits Rab7, resulting in a hybrid
intermediate organelle with both markers (92). This in turn leads to Rab5 GTP hydrolysis
and dissociation of Rab5. This Rab switch is also accompanied by changes in the
tethering and fusion machinery. While EEs can undergo homotypic fusion with other EEs,
Rab7-positive LEs lose the ability to fuse with EEs and can now fuse with each other and

transiently or stably with lysosomes, resulting in endolysosomes (89). The Rab switch is
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Figure 4. Intracellular trafficking of endocytosed viruses.
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After uptake, viral particles are sorted into primary endocytic vesicles, which are mostly early

endosomes (EEs). EEs then mature into MVBs and late endosomes, and ultimately, into

endolysosomes. Diverse cues along the endocytic pathways can trigger the fusion of enveloped

viruses with endosomal membranes or the opening of holes in cell membranes when viruses are

not enveloped, resulting in the release of the viral genome into the cytosol. The scale on the right

indicates the time required for a cargo to travel from the plasma membrane to the respective

organelles and the pH within these organelles. The figure was modified from (93). EE, early
endosome; EL, endolysosome; ER, endoplasmic reticulum; ESCRT, endosomal sorting complex

required for transport; ILV, intraluminal vesicle; Lamp1, lysosomal-associated membrane protein 1;

LE, late endosome; LY, lysosome; MVB, multivesicular body; PI(3)P, phosphatidylinositol 3-
phosphate; PI(3,5)P2, phosphatidylinositol 3,5-biphosphate; Rab, Ras-associated binding; RE,

recycling endosome; TGN, trans-Golgi network.



also tightly linked to the alteration of phosphoinositide (PI) lipid species through the
recruitment of Pl kinases such as Pl 3-kinase and PIKfyve. As a result, Pl 3-phosphate
(PI3P) and PI 3,5-bisphosphate (PI(3,5)P.) are formed on the cytosolic surface of EEs and
LEs, respectively. These Pl species then contribute to the identity of EEs and LEs by
recruiting other proteins with corresponding PI-binding domains.

Along the endosomal pathway, the intraluminal pH continuously decreases from about pH
6.8-6.0 in EEs to 6.0-5.0 in LEs and down to pH 4.5 in lysosomes (94). This acidification is
mediated by vacuolar-type ATPases (VATPases) and plays an important role in trafficking,
sorting, and regulating the activity of lysosomal hydrolases. In addition to this pH gradient,
the concentration of other ions fluctuates along the endosomal pathway. While Na*
concentrations decrease along the endocytic pathway, K* concentrations increase (95).
Ca?" and CI are both extruded into EEs, resulting in lower concentrations in EEs
compared to the extracellular milieu. However, their concentrations appear to increase

during maturation to LEs and progression to lysosomes (95, 96).

Maturation of EEs and LEs is also accompanied by a change in morphology. EEs are
heterogeneous in shape and size and have tubular and vacuolar domains. A few ILVs with
a diameter of 50-100 nm can be observed in the vacuolar domains (Figure 5) (89). In

contrast, mature LEs typically have a round shape with a diameter of 250-1000 nm and

many ILVs, but may also contain lamellar regions (89, 97).

lysosome

Figure 5. Morphology of endosomal vesicles during their maturation process.

Images are all from HelLa cells processed for thin-section electron microscopy. Few intraluminal
vesicles are seen in early endosomes, which increase in number as they mature into late
endosomes. Of note, the electron density of the lumen and the size of endosomal vesicles both
increase during the maturation from early endosomes to lysosomes. Scale bar, 100 nm. Figure
modified from (89).

The LE maturation is a highly dynamic process which involves the subcellular relocation of

maturing endosomal vesicles. EEs are typically found in the periphery of cells, where they
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undergo slow, short-range back-and-forth movements (89). In contrast, LEs undergo rapid
long-range oscillatory movements with a net movement toward the nucleus. This change
in motility is associated with a new set of microtubule-dependent motor proteins that allow
movement toward perinuclear regions. Disruption of microtubules (MT) by nocodazole
causes a dispersion of LEs and lysosomes throughout the cytosol, impairing endocytic
trafficking to lysosomes in certain cell types (98). While initial acidification to about pH 6.0
can still occur, cargo transport to more acidic compartments is blocked (98, 99).
Furthermore, EE formation is optimal at 37 °C in mammalian cells, although this process
and the subsequent recycling is still active at 16°C. The maturation of LEs and their fusion
with lysosomes are more sensitive to temperature and are completely blocked at
temperatures below 20°C (100-102). Many of these steps in the LE maturation program
are tightly linked and interdependent. Thus, perturbation of one step often results in a

delay or inhibition of the entire LE maturation process.

Viruses hijack the endocytic machinery and use environmental cues to activate their
fusion with a cellular membrane and gain access to the cytosol. Such triggers include
various changes that occur along the endosomal pathway and may include acidic pH,
changes in other ion concentrations, the presence of specific lipids, interactions with
intracellular receptors, or proteolytic cleavage among others (more details on activating
triggers are provided in section 1.2.3). Viruses entering cells by endocytosis can be
classified as early- or late-penetrating viruses depending on the location in the endocytic
pathway where fusion occurs. Early-penetrating viruses (E-PVs) penetrate from EEs,
whereas late-penetrating viruses (L-PVs) are sorted to the degradative branch of the
endocytic pathway. Some viruses like polyoma- and papillomaviruses, go even further
since they have to reach the endoplasmic reticulum (ER) to penetrate the cytosol through
interconnections between LEs and TGN. Whether fusion occurs from EEs or requires
transport to downstream organelles can be estimated, at least in part, from the virus
fusion threshold and the kinetics of viral penetration. E-PVs, such as Semliki Forest (SFV)
or Vesicular stomatitis virus (VSV), typically require a pH of 6.3-6.1 and penetrate within
3-8 min after internalization (103, 104). In contrast, L-PVs often require a pH below 6, and
penetration occurs in general 10-20 min after internalization but can also take several
hours (93).
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1.2.3 Virus Fusion

1.2.31 Fusion mechanisms of viruses

The virus fusion process is mediated by envelope fusion proteins that are anchored in the
viral envelope and decorate the surface of virions. Three classes of fusion proteins have
thus far been reported that share similarities with several cellular fusion proteins indicating
that viral and cellular fusion proteins co-evolved. The different classes of viral fusion
proteins share general mechanisms to mediate the fusion of the viral envelope with target
cell membranes. The classes significantly differ, not only in their organization on the viral

surface and their structure, but also in their biogenesis, priming, and cues of activation.

Each fusion protein contains a transmembrane (TM) anchor and a fusion unit, which can
be either a peptide at the extremity of the protein or a small inner loop (Figure 6), that is
inserted into a target membrane during the fusion process. Viral fusion proteins undergo a
series of conformational changes from a pre-fusion to a post-fusion conformation to
mediate fusion between the viral and cellular target membrane. However, viral fusion
proteins can only act once (105). Therefore, their action must be tightly controlled in space
and time to ensure that viral fusion proteins mediate fusion in a suitable environment for
productive infection. Typically, two events lead to the transition from pre- to post-fusion
conformation (105). The first event, called priming, converts the viral fusion protein to a
fusion-competent state and is often a proteolytic cleavage. A second event, called
activation or triggering, results in conformational changes in the fusion proteins upon
induction by the binding of the fusion protein to cellular ligands, its exposure to signals
such as the endosomal acidity, or its proteolytic cleavage in target cells. Activation of the
fusion protein results in exposure and repositioning of the fusion unit toward the target
membrane. Prior to activation, the fusion unit is usually buried within the structure or
shielded and therefore inaccessible (106). Upon activation, the hydrophobic fusion unit is
inserted into the lipid bilayer of a target membrane, causing small distortions and bending
of the target membrane. Refolding of the viral fusion protein causes membrane
apposition, hemi-fusion, i.e., fusion of the two outer leaflets of each lipid bilayer, and

ultimately fusion pore formation (Figure 7).

Fusion pore formation and pore expansion require multiple fusion proteins to act in
concert. During this process, the viral fusion proteins adopt different conformations and
undergo multiple conformational changes. After insertion of the fusion peptide/loop, an

extended intermediate conformation, the so-called pre-hairpin, is formed, bridging the viral
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Figure 6. Processing and general organization of viral fusion proteins.

(A) Class-I fusion proteins are typically cleaved by proteases into an N-terminal subunit, often
carrying the receptor-binding domain, and a C-terminal subunit with the fusion peptide (shown in
orange) at or near the N-terminus. The two subunits can be covalently or noncovalently linked and
usually form homotrimers on the viral surface. The hemagglutinin (HA) protein of influenza A virus
is shown as an example of class-I viral fusion protein. (B) Class-Il fusion proteins are expressed as
polyproteins and are in general cleaved by proteases in the endoplasmic reticulum or Golgi, as
exemplified by the envelope proteins E1, E2, and E3 of Semliki forest virus, a member of the
Alphavirus genus in the Togaviridae family. This class of viral fusion proteins generally forms
heterodimers with their accompanying protein (here E2/E3). E1 carries an internal fusion loop
(shown in orange) and forms a dimer with its accompanying protein E2. In some alphaviruses, E3

dissociates from the E1-E2 heterodimer after particle release.

membrane via its TM domain and the target cell membrane via insertion of the fusion
peptide/loop. Collapse and refolding of the bridging intermediate pulls the fusion
peptide/loop and the transmembrane anchor closer together, ultimately bringing the
envelope of the virus to the cell membrane. All viral fusion proteins form homotrimers in
their stable post-fusion conformation and are therefore referred to as hairpin trimers.
During membrane approach, a kinetic barrier must be overcome due to the repulsive
forces of the hydration barrier, a layer of water associated with polar head groups of lipids.
The energy to overcome this barrier comes from the irreversible refolding of metastable
pre-fusion proteins of relatively high energy into energetically favored stable post-fusion

conformations.
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The viral segments inserted into a target cell membrane are called fusion peptides when
they are at the N-terminus of the fusion protein, or fusion loops when they are internal.
Most class-| fusion proteins contain a fusion peptide, while most class-Il and -lll fusion
proteins contain a fusion loop. These fusion segments are usually highly enriched in
alanine, glycine, proline, and aromatic residues (107). Alanine and glycine contribute to
flexibility, proline and glycine to helix destabilization, and aromatic residues such as
tryptophan or phenylalanine with their bulky side chains anchor the fusion segment in the

membrane.

@ @ ® Q)

viral membrane

cellular membrane

membrane hemi-fusion fusion pore
approximation

Figure 7. Fusion process of enveloped viruses.

Schematic representation of the viral fusion mechanism between a viral envelope and a cellular
membrane. The viral and cellular bilayers are in apposition (1). Upon fusion initiation, the fusion
peptide/loop of the viral fusion protein is inserted into the target cellular membrane. The two
membranes are pulled closer together, resulting in membrane approximation (2) and lipid mixing
between the outer layers (3), also known as hemi-fusion. Finally, the inner lipid layer also fuses
through the action of multiple fusion proteins, forming a fusion pore (4). The figure was created with

BioRender.

1.2.3.2 Classes of viral fusion proteins
Class |

A well-studied example of class-I viral fusion proteins is the influenza virus HA protein. In
general, this class includes fusion proteins from retro-, orthomyxo-, paramyxo-, filo-,
arena- and coronaviruses. Class-I fusion proteins are initially synthesized as inactive
precursors that are cleaved by cellular proteases. This proteolytic cleavage results in an
N-terminal fragment, often containing the receptor-binding domain, and a C-terminal
fragment containing the hydrophobic fusion peptide at or near the N-terminus and a TM
domain near the C-terminus (105). This initial cleavage primes the Vviral
fusion protein, which is then metastable. The cleaved N- and C-terminal fragments remain

associated and are mostly linked by disulfide bonds or noncovalent interactions (106). The
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class | class Il class lll

Influenza virus Alphaviruses Vesicular stomatitis virus

Prefusion

Postfusion

Figure 8. Typical structures of the three classes of viral membrane fusion proteins in their
pre- and post-fusion conformations.

The domains of each fusion protein are color-coded, with the fusion peptide (FP)/fusion loop (FL)
shown in green. Domains marked in yellow and red form the core trimers and blue indicates outer
layers and structures that undergo large movements during the transition from pre- to post-fusion
conformation. In the lower images, the post-fusion conformations are shown as a trimer on the left
and as a single protomer of the trimer on the right. The C-termini attached to the transmembrane
domains are indicated by C'. (A) Influenza virus HA protein as an example of a class-I fusion
protein. HA1, shown in gray, and HA2 are shown in the pre-fusion trimer form, and HA2 alone is
shown in the post-fusion form. The fusion peptide in the post-fusion structure is indicated by a
green arrowhead. (B) Alphaviral E1, a class-Il fusion protein, is shown in association with E2 and
E3 (shown in gray and pink) in its pre-fusion conformation. The structure of trimeric E1 in its post-
fusion form is shown in the lower image. (C) The rhabdoviral vesicular stomatitis virus G protein is
shown as an example of a class-1ll viral fusion protein. The pre-fusion and post-fusion trimers are

shown with a single chain shown on the right. Figure modified from (108).

structure of a class-I fusion protein is illustrated by the influenza HA protein in Figure 8A.
The fusion protein HA2 is a trimer of largely a-helical structures with the fusion peptide
buried within the trimer interface. Upon acidification, HA1 moves away from HA2 and the
fusion peptide is released. Fusion occurs through a trimeric extended intermediate with

fusion peptides inserted into the target membrane. The N-terminal fusion peptide and the
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C-terminal TM anchor are both located at one end of the trimer. During folding, the C-
terminal heptad repeats bind into the grooves of the N-terminal heptad repeats, bringing
the membrane insertion site and the TM anchor closer together, i.e., the cell membrane
and viral envelope. The post-fusion conformation is a six-helix bundle with a trimer of

hairpins forming a central coiled-coil structure (106).
Class I

The best studied examples of class-Il viral fusion proteins are the alphaviral E1 and
flaviviral E proteins. In general, the fusion proteins of toga-, flavi- and most bunyaviruses
share a class-Il fusion protein fold. In contrast to class-| fusion proteins, class-Il fusion
proteins are not assembled as trimers in their pre-fusion conformation, but rather build
multimeric assemblies on the viral surface. They usually form heterodimers or
heterotetramers with an accompanying protein. The accompanying protein acts as a
chaperone, protecting the fusion protein and preventing premature fusion during egress
along the secretory pathway of producer cells. In addition, accompanying proteins have
been shown to be involved in receptor binding (109). In general, the fusion/accompanying
protein complexes are arranged in an icosahedral symmetric lattice on the surface of

mature virions.

Class-Il fusion proteins are all synthesized as polyproteins with their accompanying
proteins, which are cleaved in the ER by signal proteases. A second proteolytic cleavage
occurs in the accompanying protein of alpha- and flaviviruses. This cleavage is mostly
mediated by furin in TGN and is considered a priming event for fusion (110, 111).
Interestingly, the accompanying proteins of bunya- and rubellavirus are not proteolytically
processed (112). Protection from low pH along the secretory pathway and priming

appears to use a distinct yet unknown mechanism from alpha- and flaviviruses.

The structure of the class-Il fusion protein is largely composed of (3-strands and B-sheets
(Figure 8B). The three-domain architecture consists of a central B-sandwich (domain 1)
connected by a flexible hinge to two long loops with the hydrophobic fusion loop at its tip
(domain 1) and an immunoglobulin (1g)-like fold as domain Ill. Domain Il is attached to the
TM anchor by a stem segment. In general, the structures of the accompanying proteins
are less conserved, but also seem to derive from a common ancestor (109). Class-Il
fusion proteins are triggered by exposure to low pH. A schematic of the membrane fusion
mechanism of alphaviruses is shown in Figure 9. Low pH induces movement and
dissociation of the accompanying proteins E2 from the fusion protein E1. This results in
the unshielding of the fusion loop, and its insertion into the target cell membrane. Insertion

occurs as monomeric E1, which then reversibly associates with other E1 monomers to
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form core trimers. Folding of the protein is promoted by interactions of conserved

histidines resulting in a trimeric hairpin (113).

Figure 9. Schematic representation of alphavirus membrane fusion.

(A) E1 heterodimerizes with the immature viral polyprotein p62 (shown in gray and pink). The
fusion loop is indicated by a green star. (B) p62 is processed by furin to E2 (gray) and E3 (pink). E3
remains associated by transport along the secretory pathway and is released at neutral
extracellular pH for most alphaviruses (C). (D) Mature E2-E1 heterodimers are present on the viral
surface. The viral envelope is shown in purple and the target cell membrane is shown in blue. (E)
Upon acidification, E2 rearranges and the fusion loop of E1 is exposed. (F) Low pH triggers further
conformational changes leading to the insertion of the fusion loop into the target cell membrane
and followed by the dissociation of E1 and E2 and the trimerization of E1. (G) Upon refolding, the
membranes are distorted and bent. Hemi-fusion (H) and fusion pore formation () follow. Figure
modified from (108).

Class Il

The third class of viral fusion proteins includes the G protein of rhabdoviruses, the gB
protein of herpesviruses, and the gp64 protein of baculoviruses. Class-ll fusion proteins
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combine some features of both class-1 and class-Il. They contain both a-helical and B-
structures and have two fusion loops in domain | with two long B-hairpins oriented around
a central B-sandwich core module (domain IV) with other domains protruding from domain
IV. The VSV G protein in its pre-fusion and post-fusion conformations is shown in Figure
8C. In contrast to class-I and -II fusion proteins, the fusion loops are not buried, but point
down towards the viral membrane in the pre-fusion conformation. Upon triggering,
dramatic rearrangements occur, resulting in a trimeric hairpin in the post-fusion

conformation, as also observed in class-1 and -l fusion proteins.

Class-lll fusion proteins are usually displayed as trimers in both their pre- and post-fusion
conformations. VSV G is an exception, consisting of monomers and trimers in its pre-
fusion form, which are in equilibrium on the viral surface at neutral pH (114). This
equilibrium then shifts to trimers at pH <6.5. For herpesviruses, gB-mediated fusion is
more complex. Fusion activation by gB requires additional heterodimers of gH and gL and
receptor or co-receptor binding by a fourth protein (115). Interestingly, there is no obvious
priming event and most of the conformational changes are reversible in the absence of a

target membrane, as is the case with the rhabdoviral G protein (116).

1.2.3.3 Triggers of viral fusion
General triggers

In general, there are four main triggers of fusion: exposure to low pH, interaction with
receptors, binding to a receptor followed by exposure to low pH, and binding to a receptor
followed by proteolytic cleavage. In most cases, the pH dependence of viruses correlates
with their fusion site. Viruses that do not rely on proton binding to initiate fusion often fuse
directly at the plasma membrane. Viruses that require acidification enter cells by
endocytosis and mostly fuse from compartments of the endocytic machinery. In general,
fusion occurs where all necessary and supportive environmental cues are present, i.e.,

pH, receptors, ions, lipid composition, proteases, or other factors.
Exposure to low pH

Class-Il viral fusion proteins, found in members of alpha-, flavi-, bunya-, and
rhabdoviruses, are triggered by exposure to low pH, which is sufficient by itself for viral
fusion. However, some class-I and class-lll fusion proteins also undergo acid-activated
membrane fusion. The underlying molecular mechanisms involve the protonation of amino
acid residues, mostly histidines, at strategic sites in the protein. The pKa of solvent-

exposed histidines is about 6.2, a pH that occurs during trafficking along the endosomal
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pathway, whereas it depends on the immediate environment when histidines are
unexposed (117). Protonation changes the net charge of the imidazole ring of the histidine
to +1, allowing electrostatic interactions with other charged residues. These switch
histidines play an important role in the conformational changes that occur during refolding.
Many pH-sensitive fusion proteins have conserved histidines, and mutation of these
histidines abolishes fusion activity (118-120). Similarly, the side chains of aspartic or
glutamic acid have pKa values close to neutral pH and may be involved in triggering the
transition from pre- to post-fusion in endosomes, as previously shown for the VSV G
protein (121).

Triggering upon receptor binding

Most retroviruses and herpesviruses have been shown to be activated solely by binding to
a receptor, albeit by different mechanisms. When murine leukemia virus (MLV) binds to its
receptor, a disulfide bond between the receptor-binding domain and the fusion subunit is
broken and they dissociate. The released fusion subunit can then exert its action (122).
For the lentivirus HIV-1, fusion is also triggered by receptor binding. Binding of its
envelope protein gpl20 to its receptor CD4 exposes a binding site for co-receptors.
Binding to co-receptors CXCR4 or CCR5 then triggers fusion (123). In the case of herpes-
and paramyxoviruses, receptor binding and fusion are carried out by different proteins on
the viral surface. Binding to a receptor induces conformational changes in the receptor-
binding protein, which is then translocated directly or via other proteins to the fusion
protein (115, 124).

Triggering by receptor binding followed by exposure to low pH

Certain viruses require both receptor binding and exposure to low pH. One example is
avian sarcoma leukosis virus (ASLV). Upon binding at neutral pH, conformational changes
are induced in the fusion subunit that result in insertion of the fusion loop into the target
membrane. Refolding of the pre-hairpin into a six-helix bundle also requires low pH (106).
Other viruses use an intracellular receptor located in endosomal compartments, as in the
case of Lassa virus. The Lassa virus GP protein requires both binding to LAMP1 in

endolysosomes and a low pH of 5 to enter host cells (125).
Triggering by receptor binding followed by proteolytic cleavage

Some retroviruses, coronaviruses, and paramyxoviruses use this strategy to enter host
cells. For the coronavirus SARS-CoV, the viral spike protein is cleaved by cellular
proteases in a pH-dependent or -independent manner after binding to its receptor ACE2

(discussed in more detail in section 1.4.2).
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More complex triggering mechanisms

Other viruses, such as Ebolavirus, use even more complex mechanisms involving
cleavage of the GP protein first by furin in producer cells and by low pH-dependent
cathepsin proteases in target cells. These cleavages then expose a receptor binding site
for the late endosomal/lysosomal protein Niemann-Pick C1, leading to low pH and calcium
ion-dependent fusion mediated by GP2 (126, 127).

Other environmental factors involved in fusion

Lipids: Some viruses have been shown to require a specific lipid composition for fusion.
SFV has a preference for membranes containing cholesterol and sphingomyelin (128,
129). Similarly, hantaviruses require high levels of cholesterol for fusion (130). Other
viruses such as flaviviruses, the rhabdovirus VSV or the bunyavirus Uukuniemi (UUKYV)
have been shown to prefer fusion with membranes enriched in anionic lipids such as
bis(monoacylglycerol)phosphate (BMP) (131-134). Interestingly, BMP is enriched in LEs
and could be an additional environmental cue for preferential late endosomal entry of

certain flaviviruses or bunyaviruses.

lon concentrations: In addition to specific lipids, concentrations of specific ions may also

play an important role during fusion. During endosomal trafficking, the concentration of
luminal K* increases while that of Na* decreases. For some orthobunyaviruses, K* has
been shown to be required for conformational changes during fusion or to promote
infectivity (135). In addition to low pH, Ca?* has been proposed to be required for rubella
virus fusion. Ca?* are thought to bind to a metal ion pocket in E1 protein, resulting in

proper positioning of the two fusion loops (136).

1.3 Genome and structural organization of TOSV and SARS-CoV-2
particles

1.3.1 TOSV particles

As other vertebrate-infecting phenuiviruses, TOSV particles are enveloped, spherical with
a diameter of 80-160 nm and have spike-like projections of 5-10 nm (Figure 10A) (137).
Phenuiviruses have a trisegmented single-stranded RNA genome with a negative or
ambisense coding strategy that encodes at least four proteins (Figure 10B). The large (L)

segment encodes RdRp with endonuclease activity, which is required for replication and
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transcription of the viral genome. The medium (M) segment encodes a polyprotein
precursor that is cleaved by host cell signal peptidases into the two envelope
glycoproteins, Gn and Gc. The M segment of some phenuiviruses also encodes a
nonstructural protein NSm. Gn and Gc are located on the viral surface, form spike-like
projections, and are involved in host cell entry and particle budding (64). They are also the
major target of neutralizing antibodies, making them the primary target for vaccine
development. The small (S) segment has an ambisense coding strategy and encodes the
nucleoprotein N in negative polarity, which encapsulates the RNA genome and forms
ribonucleoprotein (RNP) complexes with the RdRp. Most phenuiviruses additionally
encode a nonstructural protein (NSs) in positive polarity on the S segment. NSs is thought
to be the major virulence factor of phenuiviruses and is involved in the inhibition of the
host interferon antiviral response (138). The total genome of the prototype phenuivirus
RVFV consists of ~11,800 nt, with the L, M, and S segments contributing ~6,300, ~3,900,
and ~1,600 nt, respectively (139). Each segment contains 3' and 5' noncoding regions
with complementary end sequences that allow the formation of a stable panhandle

secondary structure capable of interacting with RdRp.

Most structural information on phenuiviral particles has been obtained from studies of
RVFV, UUKV, DABV, and Heartland virus (HRTV). The two envelope glycoproteins Gn
and Gc form heterodimers on the viral surface and are arranged as dimers in 12 pentons
and 110 hexons, forming an icosahedral lattice with a triangulation number of T = 12
(Figure 10C) (140, 141). The first structure of phenuivirus Gc came from X-ray
crystallography of RVFV Gc in the pre-fusion conformation, which showed that Gc has a
class-Il fusion protein fold similar to unrelated alpha- and flaviviruses (142). In further
studies post-fusion structures of RVFV and of the two bandaviruses DABV and HRTV
were obtained, all of which showed a class-Il fusion protein fold (143—145). The structure
of RVFV Gc in the post-fusion form revealed the presence of a conserved interaction
pocket for a glycerophospholipid head group (143). In recent years, the N-terminal
ectodomain of RVFV and SFTSV Gn has been determined by X-ray crystallography,
revealing a mixed a-helical/p-stranded N-terminal domain (domain A), a B-ribbon domain,
and a domain B (146, 147). Although both proteins have a similar overall fold, relatively
large differences were observed between members of the two genus groups, suggesting
that Gn is less conserved than Gc. These new structures were then used to fit the crystal
structures of RVFV Gn and Gc into cryo-EM tomographic reconstructions of purified viral
particles. These reconstructions showed that the N-terminal region of Gn is localized

membrane-distally and covers Gc at neutral pH. Gn probably shields the fusion loop of
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Gc, thereby preventing premature fusion (147). This model is also consistent with data

showing that neutralizing antibodies preferentially target Gn (148).
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Figure 10. Structural and genomic organization of Phenuiviridae.

(A) Schematic representation of a phenuiviral particle. The figure is adapted from (149). (B) Coding
strategy of the L, M, and S segments. Orange rectangles indicate cleavage sites by host cell
proteases in the polyprotein M. Figure was modified from (138). (C) Arrangement of Gn/Gc
heterodimers on the surface of phenuiviral particles. The figure was modified from (149). L, RNA-
dependent RNA polymerase; NSm, a non-structural protein in the M polyprotein; NSs, a non-

structural protein encoded by the S segment.
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1.3.2 SARS-CoV-2 particles

Coronavirus particles are enveloped and nearly spherical with an average diameter of
118-136 nm and spike-like projections of 16-21 nm with a stalk and bulbous distal ends
(Figure 11A) (64). The genome consists of large, nhonsegmented positive-strand RNA of
~30 kilobases (kb) in size. Starting at the 5' end, about two-thirds of the genome is
occupied by two large open reading frames (ORFs), ORFla and ORF1b, which frameshift
to encode sixteen nonstructural proteins that make up the replicase-transcriptase complex
(Figure 11B). Many of these proteins have enzymatic functions and act as proteases,
polymerases, helicases, and nucleases, among others (150). Four structural proteins are
encoded at the 3' end: the spike (S), the nucleocapsid (N), the membrane (M) protein, and
the envelope (E) protein. S and M are major and E is a minor component of the viral

envelope.

S contains the receptor binding domain (RBD) and is a class-I fusion protein. M contains
three TM domains and functions mainly as a scaffolding protein in the assembly of viral
particles by interacting with itself, S, and the N protein (151, 152). E is involved in various
steps of the life cycle such as assembly, budding, and contributes to pathogenesis (150).
A role as viroporin, a membrane ion-conducting pore to selectively transport cations, has
been proposed for oligomerized E proteins (153). In addition to the primary role of N
protein in packaging the viral genome, N also functions in cell cycle regulation, stress
response, and influencing the immune system (150). Due to a large genome but normal
particle diameter for RNA viruses, the genome is packaged by N and the RNPs together
form supercoiled structures (154). In addition, several accessory proteins are interspersed
among the genes for the structural proteins. The number of accessory proteins varies
among coronaviruses, and up to eleven have been proposed for SARS-CoV-2 (155). They
are mainly involved in virus-host interactions and contribute to the pathogenesis of
infection (150, 155).
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Figure 11. Structural and genomic organization of SARS-CoV-2.
Schematic representation of SARS-CoV-2 particle (A) and genome organization (B). ORF, open

reading frame. Figure in (A) was adapted from (156) and (B) from (157).

1.4 Infection Cycles of TOSV and SARS-CoV-2

1.4.1 Replication cycle of TOSV and related phenuivirus

The cell life cycle of a virus can be divided into three major stages, namely entry,
replication, and egress. Briefly, during entry, viral particles bind to cellular receptors,
resulting in viral uptake into cells. For TOSV, there are is only a very limited number of
studies at the cellular and molecular levels of infection. The few studies using the closely
related RVFV, DABV, and UUKYV showed that phenuiviruses travel along the endosomal
pathway and enter host cells by acid-activated membrane fusion (Figure 12). As a result,
the viral genome is released into the cytosol where it is replicated and viral proteins are
synthesized. The polyprotein encoded by the M segment is processed in the ER and
Golgi. Assembly and budding occur at the Golgi, and new virions are released by

exocytosis.
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Figure 12. Life cycle of phenuiviruses in mammalian cells.

The infection cycle of phenuiviruses begins with binding to receptors at the cell surface. Particles
enter cells by receptor-mediated endocytosis and travel along the endocytic pathway until
penetration by acid-activated membrane fusion occurs in late endosomes. The viral replication is
exclusively cytosolic. First, the negative-sense genome is transcribed to produce the viral MRNAs
necessary for the biosynthesis of all the viral proteins. The polyprotein, which is encoded by the M
segment, is processed co-translationally in the endoplasmic reticulum (ER). The replication of the
viral genome involves a positive-sense RNA intermediate, usually named as viral cRNAs for
complementary RNAs, which is used as template to produce new viral RNA genomic segments.
Then particles assemble and bud into the Golgi lumen. Virions are believed to leave host cells by

exocytosis. The figure was created with BioRender. EE, early endosome; LE, late endosome.

Cellular receptors and phenuiviral uptake into mammalian cells

The first step in viral entry is viral binding to receptors exposed on the cell surface. For
phenuiviruses, there is a limited number of studies and only a few receptors, attachment

factors and co-receptors are known (Table 1).

Viruses often bind to common attachment factors such as carbohydrates on glycoproteins
or glycolipids, that act as initial docking sites through electrostatic interactions with viral

glycoproteins. For RVFV and TOSV, the glucosaminoglycan heparan sulfate has been
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shown to facilitate infection and act as an attachment factor (158-160). A dose-dependent
inhibitory effect on TOSV infection could be observed by adding bovine lactoferrin that

competitively binds to heparan sulfate glucosaminoglycans on the cell surface (160).

Many phenuiviruses have been shown to use the C-type lectin dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) to enter cells (161—
165). DC-SIGN is a high-mannose-specific lectin functional at the cell surface under the
form of tetramers, which can be achieved only when the lectin is highly expressed. Such
high levels are mainly observed on dermal dendritic cells (DCs). DC-SIGN is expressed
by other cell types such as macrophages, megakaryocytes, some B cells, and platelets,
but with a much lower expression (166, 167). High expression of DC-SIGN rendered cell
lines permissive for RVFV, UUKV, TOSV, Punta Toro virus (PTV) and DABV (161-164).
The DC-SIGN-mediated entry of RVFV depends on specific N-linked glycans in the viral
glycoproteins Gn and Gc (165). Since high-mannose N-glycans are typical for insect-
derived glycoproteins and dermal DCs are located in the anatomical site of arbovirus
transmission, interactions between DC-SIGN and phenuiviruses are thought to be
particularly relevant (9, 161). In addition to viral binding, DC-SIGN molecules accumulate
at the binding site and trigger a signaling cascade leading to viral uptake by clathrin-
mediated endocytosis. This indicates that DC-SIGN acts as a true endocytic receptor for

phenuiviruses, leading to viral uptake into cells (161).

Besides DC-SIGN, the C-type lectins liver-specific intercellular adhesion molecule-3-
grabbing non-integrin (L-SIGN) and liver and lymph node sinusoidal endothelial cell C-
type lectin (LSECtin) have also been proposed as receptors for RVFV, TOSV, UUKV, and
DABV (162, 163, 168, 169). In contrast to DC-SIGN, L-SIGN is believed to act as an
attachment factor (169). Recently, low-density lipoprotein receptor-related protein 1 (Lrpl)
was identified as another receptor for RVFV by a CRISPR/Cas9 screening approach
(170). Lrpl was later found to function as a general host factor for many RNA viruses
(171). Finally, nonmuscle myosin heavy chain type IIA was found to be involved in DABV

entry, but it is not clear whether it acts as a receptor or attachment factor (172).

After viral binding to receptors, phenuiviruses are internalized into cells by endocytosis.
Studies using various perturbants of the endocytic machinery such as siRNA, chemical
inhibitors, and inactive and active mutants revealed heterogeneity in the pathways used
by phenuiviruses to enter cells. While clathrin-mediated endocytosis was shown to be the
entry pathway of DABV (173), its role in the uptake of RVFV or UUKV was less clear.
Association of UUKV with clathrin was observed after binding of UUKV to DC-SIGN (161).

However, in cells lacking DC-SIGN, UUKV was rarely observed in clathrin-coated vesicles
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and silencing of the clathrin heavy chain had no significant effect on UUKV infection (174).
Several routes of entry for RVFV have been proposed. While clathrin was shown to play a
role in the uptake of a nonspreading mutant of RVFV (120), a role for caveolin-mediated
endocytosis or macropinocytosis was proposed for the RVFV vaccine strain MP12 (175,
176). Overall, this demonstrates the ability of phenuiviruses to use alternative
internalization pathways that can vary between virus species, but also between cell types

and possibly even between individual cells.

Table 1. Receptors for phenuiviruses in mammalian hosts

Receptor/cofactor Species References
DC-SIGN DABV, ppDABV, PTV, RVFV, TOSV, UUKV (174, 162-165)
L-SIGN ppDABV, RVFV, TOSV, UUKV (162, 163, 168, 169)
LSECtin ppDABV (163)

Heparan sulfates RVFV, TOSV (158-160)
NMMHC-IIA DABV (172)

LRP1 RVFV, SFSV (170, 171)

DABV, Dabie virus; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-grabbing
non-integrin; L-SIGN, liver-specific intercellular adhesion molecule-3-grabbing non-integrin; LRP1,
low-density lipoprotein receptor—related protein 1; LSECtin, liver and lymph node sinusoidal
endothelial cell C-type lectin, NMMHC-IIA, nonmuscle myosin heavy chain IIA; ppDABYV,
rhabdovirus pseudotyped with the glycoproteins Gn and Gce of Dabie virus; PTV, Punta Toro virus;
RVFV, Rift Valley fever virus; SFSV, Sandfly fever Sicilian virus; TOSV, Toscana virus; UUKV,
Uukuniemi virus. Table was modified from (149).

Intracellular trafficking

After viral uptake, virions are sorted into endosomal vesicles and travel along the
endosomal pathway until they reach a compartment from which they enter host cells
(Figure 13). Penetration is triggered by environmental cues such as a decrease in the
luminal pH of endosomes. For phenuiviruses, endosomal acidification has been shown to
play a key role in entry, as inhibition of vacuolar acidification blocked infection by RVFV,
UUKV, and DABV (120, 173, 174). For several phenuiviruses, acid-dependent entry
occurred 20-60 min after internalization into cells (120, 173, 174). For RVFV and other
acid-dependent viruses, entry was also dependent on RNASEK, a factor associated with

the vATPase (177). However, the exact role of RNASEK in viral entry remains elusive.
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Figure 13. Entry of phenuiviruses into mammalian host cells.

Phenuiviruses bind to host cells through specific interactions with cell surface receptors. Particles

then enter cells via various endocytic uptake mechanisms such as clathrin- or caveolin-dependent

endocytosis, macropinocytosis, or via a clathrin-independent uptake pathway. Endocytosed

particles travel along the endosomal pathway from early to late endosomes. Particles penetrate

from endosomal compartments by acid-activated membrane fusion when intraluminal conditions

are optimal for fusion. The scales in the middle indicates typical pH values found in the endosomal

lumen and the time it typically takes for cargo to reach each compartment. The figure was adapted

from (149). DABV, Dabie virus; EEA1, early endosome antigen 1; LAMP1, lysosome-associated

membrane protein 1; Rab5 and Rab7, Ras-associated binding protein 5 and 7; RVFV, Rift Valley

fever virus; UUKYV, Uukuniemi virus.
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Microscopy-based studies have shown that phenuiviruses traffic along the endosomal
pathway and transit through EEs. UUKV and DABYV were observed in vesicles positive for
the early endosomal marker Rab5a, and UUKYV infection was inhibited by expression of
dominant-negative and constitutively active mutants of Rab5 (173, 174). Transport to
downstream organelles of EEs was observed for UUKV, which co-localized with Rab7a, a
marker of LEs, and DABV, which was found in LAMP1+ and endolysosomal-like
compartments (173, 174). The maturation of EEs to LEs is also dependent on the MT
network. Disruption of the MT network by nocodazole or colcemid blocked infection by
UUKV and DABV (173, 174). The kinetics of penetration, co-localization with resident
proteins of late endosomal vesicles, and susceptibility to inhibitors of the functional
microtubule network suggest that phenuiviruses rely on LE maturation for productive

infection and belong to the diverse group of L-PVs.
Fusion

Viral fusion with a target cell membrane is mediated by the glycoprotein Gc, which has a
class-1l fusion protein fold similar to that of alpha- and flaviviruses. The general
mechanism of viral membrane fusion and that of class-Il fusion proteins is described in
more detail in section 1.2.3.. Similar to other class-ll fusion proteins, fusion of
phenuiviruses is activated by low pH. For the phenuiviruses UUKV, DABV, and RVFV, the
optimal pH for fusion was found to be at pH 5.4, 5.6, and 5.7, respectively (120, 173, 174).
Such a low pH is usually present in LEs, which is another indication that phenuiviruses are
L-PVs. For UUKV and RVFV, acidification was shown to be sufficient to induce fusion,
whereas DABV required cleavage of Gn and/or Gc by serine proteases in addition to low
pH (120, 131, 162). In addition, the lipid composition of the target cell membrane may
modulate fusion efficiency. UUKV fusion was enhanced in the presence of anionic lipids,
as BMP, a lipid species increased in LEs, and glycerophospholipids facilitated RVFV
fusion (131, 143).

Based on recent advances in the structures of Gn and Gc, a fusion model for
phenuiviruses has been proposed. Similar to other class-Il fusion proteins, Gc forms
heterodimers with Gn, its accompanying protein, on the viral surface in its pre-fusion form.
Together they form hexameric and pentameric structures consisting of six and five
heterodimers, respectively. At neutral pH, the N-terminal region of Gn is localized
membrane-distally, covering Gc and thereby shielding the fusion loop of Gc, preventing
premature fusion (147). Upon acidification, Gn is thought to reorient laterally, resulting in
the release of the Gc fusion loop and allowing insertion into a target membrane (Figure
14A).
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Figure 14. Gec-mediated fusion mechanism of phenuiviruses.

(A) The different domains of the class-Il fusion protein Gc are colored in red, yellow and blue as
shown in Figures 8 and 9. The different domains of Gn are shown in green, cyan, and purple. The
fusion loops of Gc (orange) are buried within the Gn-Gc interface in the pre-fusion form at neutral
pH (i). Upon low pH triggering and exposure to a target membrane, Gn is expected to move
laterally, exposing the fusion loops at the tip of domain Il. This is followed by a full extension of Gc,
resulting in the insertion of the fusion loops into the target membrane (ii). Gn and Gc dissociate and
the extended intermediates of Gc reassemble into trimers (iii). Gc folds back to its post-fusion
conformation, resulting in the fusion of the two membranes (iv). Figure adapted from (147). (B)
Schematic representation of the tip of domain Il of RVFV with its bc and cd loops. A dipropionyl
phosphatidylcholine molecule is shown in the glycerophospholipid-specific binding pocket. Figure
adapted from (143).

The fusion loop of phenuiviruses is located in domain Il of Gc. The cd loop is the major
fusion loop, but the adjacent bc loop is likely to also contribute to membrane insertion
(Figure 14B) (143). The cd fusion loop of phenuiviruses consists of bulky hydrophobic
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amino acids such as W821 and F826 in RVFV. F826 is conserved in the fusion loops of
other phenuiviruses, whereas W821 is replaced by an isoleucine in sand fly-borne
phleboviruses or an alanine in tick-borne uuku- or bandaviruses. The nature and location
of hydrophobic residues in RVFV and DABV are very important for their fusogenicity, as
shown by several unsuccessful rescue attempts of virus variants with mutated amino
acids in the bc and cd loops. Similar to other pH-sensitive fusion proteins, conserved
histidines in RVFV and DABV Gc have been proposed to play a role in the transition from
pre- to post-fusion (120, 144). The protonation of histidines upon acidification introduces
new stabilizing salt bridges or destabilizing repulsive charges that are thought to drive the
conformational changes. Thus, conserved histidine residues act by stabilizing the pre- or
post-fusion conformation, especially at the domain Il interface, or by allowing

interactions with phospholipids in the target membrane.
Virus replication and release of infectious viral particles

Viral genome replication and transcription of phenuiviruses occurs exclusively in the
cytoplasm of infected cells and is mediated by the viral RdRp. Viral replication begins at
the 3' end of the viral genome with transcription of a complementary RNA (cRNA) that is
shorter than the full-length genome and serves as a mRNA for translation of viral proteins
(Figure 15). During elongation, the N protein is shed from the RNP complexes.
Translation of viral proteins begins with a cap-snatching mechanism in which the viral
RdRp "steals" a short 5' fragment of cellular mRNAs by cleaving at a position near the 5'
end. The snatched fragment of approximately 10-25 nucleotides then serves as a primer
for viral mMRNA transcription using the vRNA as a template. Since phenuiviral genomes do
not contain a poly(U) stretch, viral mMRNAs do not have a poly(A) tail and transcription
stops at termination sighal sequences in the untranslated region of the genome. When the
N protein is sufficiently expressed, the RdRp switches to transcribing full-length cRNAs.
This cRNA, which is predominantly positive sense, then serves as a template for RdRp to
produce new negative sense viral genome RNAs (VRNA) in the same manner. After
termination, RdRp re-bonds to the panhandle structure at the 3' and 5' ends of newly

generated viral RNA.

N and RdRp proteins are synthesized in the cytoplasm and form RNP complexes with
newly synthesized viral RNA. Proteins encoded by the M segment are synthesized as
polyprotein precursors. Signal peptides direct translocation to the ER membrane. In the
ER, the polyprotein is processed co-translationally by signal peptidases to NSm (if
present), Gn and Gc, and N-linked glycosylations are added to Gn and Gc. Gn/Gc

heterodimers are transported to the Golgi and inserted into the Golgi membrane. The
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cytoplasmic tails of Gn interact with RNPs in the cytosol to package the viral genome into
particles. However, genome packaging appears to be heterologous and nonselective, as
nearly 40% of newly produced RVFV virions lack at least one segment (178). Budding
occurs in the Golgi lumen and virus-containing vesicles exit the cells via the secretory

pathway.
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Figure 15. Coding strategies for phenuivirus replication and transcription.

The schema depicts the strategies developed by phenuiviruses to transcribe and replicate their
RNA genome. The L and M segments are in negative-sense orientation while the S segment has
an ambisense coding strategy. The viral mMRNAs contain host cell-derived caps at their 5’ ends, but

no polyA tail.

1.4.2 Replication cycle SARS-CoV-2 and related coronaviruses

The coronavirus Spike protein

Receptor binding and entry into host cells is mediated by the S protein. S is a large, highly
glycosylated protein with a length of 1,273 amino acids and a size of 180-200 kDa. It is
also a type-l membrane protein and belongs to the group of class-I fusion proteins. Like
other class-I fusion proteins, S forms homotrimers on the viral surface, giving the particles
their crown-like appearance. It is the major antigen and target of neutralizing antibodies
and has been used in vaccine development. An average of 20-50 spike homotrimers are
found on each virion (179-181).
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S consists of two subunits, S1 and S2, which are cleaved by host cell proteases and
remain noncovalently attached. The S1 subunit contains an N-terminal domain (NTD), a
receptor binding domain (RBD) and two C-terminal domains (CTDs) and is mainly
involved in binding to cell surface receptors (Figure 16). The S2 subunit carries the fusion
peptide, a central helix, two heptad repeats, a TM domain and a short cytosolic tail. S2 is
highly conserved, whereas S1 is the major target of neutralizing antibodies, especially
epitopes in NTD and RBD.

S1/S2 S2’
K s1 f—— s2 I
114 306 330 527 591 686’ 816:834 910 985 1035 1068 1163 1211 1234 273
[T~ | RBD  [ctpi|cTpz|  FP[ ] [HR1|CH firZT™] cr

Figure 16. Domains of the SARS-CoV-2 Spike protein (S).

Schematic representation of the domains in the spike (S) protein of SARS-CoV-2. Cleavage of S at
the S1/S2 site results in two subunits, S1 and S2, which remain noncovalently linked. A second
cleavage site exists at the S2' position in S2 upstream of the fusion peptide (FP). S1 is mainly
responsible for receptor binding and consists of an N-terminal domain (NTD), a receptor binding
domain (RBD), and two C-terminal domains (CTD1 and CTD2). S2 exhibit the fusion activity and
carries the fusion peptide (FP), two heptad repeats (HR1 and HR2), the central helix (CH), the
connector domain (CD), the transmembrane domain (TM), and a cytosolic tail (CT). The figure was
modified from (182).

Binding of S to cellular receptors

Binding to cellular receptors is mainly mediated by the RBD of S. The RBD of SARS-CoV-
2 is very similar to that of SARS-CoV. For example, both use angiotensin-converting
enzyme 2 (ACE2) as a receptor (183). ACE2 is a type-I TM protein mainly expressed in
lung, heart, kidney and intestine. Its main role is the regulation of vasoconstriction and
blood pressure by acting as a carboxypeptidase. However, the catalytic domain of ACE2
does not overlap with the virus binding site. The RBD of S adopts two different
conformations: an "up" position that allows interaction with receptors, and a "down"
position that prevents receptor binding. Both conformations appear to be in a dynamic
equilibrium, with approximately one RBD per trimer in the up position (184). Upon receptor
binding, the NTD shifts slightly outward while the positioning of the S2 subunit remains

unaffected.

Several host factors have been proposed to be involved in viral attachment. One of the
attachment factors could be the highly abundant proteoglycan heparan sulfate. Heparan

sulfate may participate in the initial binding of SARS-CoV-2 before S is redirected to
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ACEZ2. In addition, heparan sulfate may promote the ACE2-accessible up conformation of
the RBD (185-187). In recent years, a growing number of potential receptors or adhesion
factors have been proposed that could contribute to infection of cell types and tissues
lacking ACE2 expression. Several of these factors have been shown to render cells
susceptible when overexpressed, or infection has been reduced by treatment with
antibodies targeting the factor. Neuropilin 1 (Nrpl) has been proposed to contribute to
TMPRSS2-dependent entry (188, 189). Nrpl is widely expressed on respiratory and
olfactory endothelial and epithelial cells and may contribute to SARS-CoV-2-induced
anosmia (190). Other factors include C-type lectins (191), TIM1 (192, 193), AXL (194),
CD147/basigin (195), KREMEN1 (196), ASGR1 (196), and many others. However,
conflicting results have been reported for many factors, and further experimental studies

are needed to understand their roles during SARS-CoV-2 infection.
Fusion

Coronaviruses do not all use the same triggers for fusion. For some viruses, exposure to
low pH is sufficient to induce fusion, such as the infectious bronchitis virus (197), whereas
others, including MERS-CoV or SARS-CoV, require initial binding to a receptor followed
by proteolytic cleavage (198). SARS-CoV-2 is thought to require cleavage at two sites to
exert its fusogenic role. A first cleavage, called priming, occurs at the S1/S2 junction,
which contains with RRAR a noncanonical polybasic furin cleavage site compared to the
classical RX(R/K)R furin cleavage motif. The second cleavage occurs immediately
upstream of the fusion peptide and leads to activation of the class-I fusion protein.
Cleavage at the S1/S2 boundary is a prerequisite for cleavage at the S2' site in SARS-
CoV (199). Since SARS-CoV does not contain a furin cleavage site at the S1/S2
boundary, both sites are cleaved by host cell proteases in target cells. For SARS-CoV-2, it
has been proposed that furin cleaves S in Golgi compartments of producing cells. A
second proteolytic cleavage occurs in target cells at the S2' site, which is well conserved
among coronaviruses. In other coronaviruses, several proteases such as cathepsins,
trypsin, trypsin-like proteases, or elastase have been shown to be involved in priming and
activation of S (69, 150).

The transmembrane protease serine 2 (TMPRSS2) is often associated with coronaviruses
and is widely expressed on epithelial cells in the respiratory, gastrointestinal, and
urogenital tracts (200). Its exact physiological role is unknown, but it has been implicated
in the regulation of sodium currents in the lung and inflammatory responses in the
prostate (201, 202). TMPRSS2 has been shown to cleave SARS-CoV and MERS-CoV S
and is critical for rapid entry into cells (203, 204). In SARS-CoV-2, TMPRSS2 can cleave
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S at its S2' site after a single arginine residue (205). However, it is uncertain whether the
protease also has activity at the S1/S2 site (205, 206). Other proteases often associated
with coronaviruses are cathepsins. Cathepsin L is a cysteine protease that is active at
acidic pH in endolysosomes, where it is involved in proteolytic degradation, energy
metabolism, and immune responses (207). S of SARS-CoV, MERS-CoV and SARS-CoV-
2 has predicted cleavage sites for several cathepins, including cathepsin L (208-210).
These include cleavage sites close to the polybasic furin site at the SARS-CoV-2 S1/S2

junction and close to the TMPRSS2 cleavage site at S2'.

Thus, a multistep fusion model has been proposed in which binding of S RBD to ACE2
leads to conformational changes in S1. This is followed by dissociation of the S1 subunit
and exposure of the S2' cleavage site (184). Neither trypsin cleavage nor acidic pH alone
could induce conformational changes from pre-fusion to post-fusion in the absence of
ACE2 binding (211). Dissociation of one S1 subunit of the trimer upon interaction with
ACE2 could then promote dissociation of the other two S1 subunits. In the pre-fusion
conformation, the heptad repeat 1 (HR1) forms a long coiled-coil with the central helix.
Upon exposure and cleavage at the S2' site, the unstructured HR1 undergoes a dramatic
refolding to a helical conformation that triggers insertion of the fusion peptide into a target
membrane. Upon insertion of the fusion peptide, three highly conserved hydrophobic
grooves on HR1 are exposed. The HR2 folds back, attaches to the hydrophobic grooves
of HR1, and brings the two membranes together. Two entry pathways have been
proposed for SARS-CoV and MERS-CoV: an early pathway by fusion from the plasma
membrane or a late pathway from LEs (Figure 17) (198). Which entry pathway is used
depends on the host cell protease that cleaves at S2'. When S is activated by TMPRSS2
on the cell surface, viruses enter via the fast pathway, whereas when cleaved by

cathepsins, entry occurs from endolysosomes.

During the course of the pandemic, novel and highly mutated variants appeared, mainly
with deletions and substitutions in S. Mutations in these circulating variants were mainly
associated with altered transmissibility and antigenicity. Altered transmissibility can be
conferred in a variety of ways, including stabilized S protein, increased receptor binding,
or increased cleavage. The D614G mutation appeared early in the pandemic and was
present in all VOCs. It is associated with a stabilized S protein that reduces premature
shedding of noncovalently bound S1. This in turn may prevent activation of conformational
changes in S2 in a suboptimal environment and virus inactivation (212, 213). Others have
proposed that the D614G mutation leads to an increased likelihood of S adopting the open

conformation capable of binding to receptors, resulting in increased infectivity (214—-216).
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Figure 17. Entry routes of coronaviruses.

Coronaviruses can use multiple pathways to enter cells. Coronaviral particles bind to cell-surface
receptors such as angiotensin-converting enzyme 2 (ACEZ2). Particles can then enter cells by
receptor-mediated endocytosis and travel along the endocytic pathway before the spike (S) is
cleaved by proteases, such as cathepsin L, in endolysosomes. Alternatively, S can be cleaved by
cell-surface proteases, leading to fusion at or nearby the plasma membrane. The figure was
adapted from (217).

In addition, increased transmissibility is achieved by increased affinity for ACE2, as
proposed for the N501Y mutation within the RBD (218, 219), or by mutations at or near
the furin cleavage site, such as the P681R/H mutation (220). Under the pressure of the
immune system, mutations in VOCs have emerged that also show reduced sensitivity to
neutralization by antibodies from recovered or vaccinated patients. These mainly include
mutations in the RBD, such as K417N/T, L452R, E484K/Q and N501Y, which have been

associated with escape from neutralizing antibodies (220).
Replication, assembly, and egress

The incoming positive-sense, single-stranded RNA genome has a 5' cap and a poly(A) tail
and serves multiple functions. It can act directly as mRNA for translation of two large
polyproteins and also serves as a template for replication and transcription (Figure 18).
The two polypeptides ppla and pplab are processed by viral proteases into 15-16
nonstructural proteins, nsp1-16. Together, they have important functions during replication
and protein synthesis, such as forming the replicase-transcriptase complex, having
proteolytic activity, or contributing to the formation of replication organelles. The replicase-

transcriptase complex is involved in genome replication, transcription, and polyprotein
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Figure 18. Replication cycle of coronaviruses.

Coronaviruses attach to cells through interactions between the spike (S) protein and cell-surface

receptors, such as angiotensin-converting enzyme 2 (ACE2). Entry into host cells can occur at or

near the plasma membrane or from intracellular compartments. The release of incoming viral

genomic RNAs is directly followed by the translation of the two large open reading frames (ORFs).

The resulting polyproteins, ppla and pplab, are processed into nonstructural proteins that form the

replication-transcription complex. Genome replication occurs in viral replication factories consisting

of double-membrane vesicles and convoluted membranes derived from endoplasmic reticulum

membranes.

In addition, structural and accessory proteins are translated from subgenomic

MRNAs. Assembly occurs at the ER-Golgi intermediate compartment (ERGIC). Viral particles bud

into the ERGIC lumen and are secreted by exocytosis. Figure was adapted from (221). An, 3' polyA

sequence; cap, 5' cap structure; dsRNA, double-stranded RNA; L, leader sequence; RARP, RNA-

dependent RNA polymerase.
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processing. All structural and accessory viral proteins encoded at the 3' end of the
genome are synthesized from individual small subgenomic RNAs. Using the viral genome
as a template, replication occurs through synthesis of a full-length complementary
negative-strand RNA. This then serves as a template to produce full-length positive-
polarity viral RNA. Genomic replication and transcription occur in replication factories,
which are membrane rearrangements of the endoplasmic reticulum. SARS-CoV-2 induces
double-membrane vesicles, which together form a network of folded membranes. S, M
and E are inserted into the ER membrane and traffic to ER-Golgi intermediate
compartments (ERGIC) where they are retained and accumulate. Assembly and budding
occurs in ERGIC, where M interacts with S proteins and RNP complexes to ensure
packaging of the viral genome. Particle egress occurs via the secretory or lysosomal

exocytic pathway (156).

1.5 Objectives of this thesis

More and more viruses are emerging or re-emerging due to globalization, habitat
destruction, and global warming. As viral vectors expand geographically, many
arboviruses, including phenuiviruses, are at risk of being introduced into new geographical
areas in Europe and spreading further northwards. This is also the case for sand fly-borne
TOSV, which is already widespread in many Mediterranean countries. Despite being one
of the leading causes of viral meningitis during the summer season, there is very little

information on the molecular and cellular biology of TOSV infection of human cells.

Therefore, the first part of my PhD project aims to characterize the entry route and early
virus-host cell interactions of TOSV in induced pluripotent stem cell-derived human
neurons and other tissue culture cells. To this end, | first established and optimized
protocols for the production and fluorescent labeling of TOSV particles. This laid the
foundation for the establishment of several sensitive, quantitative and accurate assays
based on flow cytometry, lipid-mixing fluorimetry, and a combination of microscopy-based
techniques to address individual steps of the viral entry process including binding,
internalization, intracellular trafficking, and membrane fusion. In addition, the morphology

of viral particles was studied by cryo-electron microscopy.

For intracellular trafficking, fluorescently labeled TOSV particles were generated and their
co-localization with endosomal markers was followed and analyzed by confocal
microscopy. The subcellular localization and dynamics of host cell entry as well as the

triggers for membrane fusion were analyzed in more detail. Here, | wanted to investigate
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whether TOSV shares with other phenuiviruses the characteristic of being a L-PV. This
was done using several complementary approaches, including chemical inhibitors and
mutant proteins, and using newly synthesized viral proteins as a read-out. In parallel,
fusion events could be directly monitored by fluorimetry in a lipid-mixing assay using
TOSV labeled with the self-quenching lipid dye octadecyl rhodamine B chloride (R18).
These R18-labeled viruses were then used to study the dynamics of the viral fusion

process in correlation with the endosomal pH values.

In the second part of my thesis, | focused on the cell entry mechanisms of SARS-CoV-2,
the causative agent of the COVID-19 pandemic. With the onset of the pandemic, there
has been a debate about how SARS-CoV-2 enters host cells and how particles are
primed and activated for fusion. Using similar approaches previously established for
TOSV, | analyzed whether SARS-CoV-2 enters host cells from the plasma membrane or
from intracellular compartments after endocytosis. Therefore, several permissive epithelial
cell types were used to investigate the dependence of SARS-CoV-2 entry on proteolytic
processing and endosomal acidification, and how the expression of different proteases
can drive entry pathways. This was accomplished by using a combination of
overexpression of proteases, different perturbants and mutant proteins. In addition, the
kinetics of each step of the entry program were analyzed by time-of-addition experiments
using different specific inhibitors. Furthermore, a cell-cell fusion model was developed to

study the triggers required for membrane fusion.
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2 Material and Methods

2.1 Material

2.1.1 Cell Lines

Cell line Culture medium Information
A549 DMEM (10% FBS, 1% NEAA) (222)
A549-ACE2 (=A549*) DMEM (10% FBS) (223)

A549 EF2a-TMPRSS2 DMEM (10% FBS) (223)
AS49-ACE2 EF2a- Provided by Prof
TMPRSS2 DMEM (10% FBS) )

(=A549* TMPRSS2+) Bartenschlager

A549-ACE2 ROSA- Provided by Prof.

DMEM (10% FBS)

TMPRSS2 Bartenschlager

BHK-21 GMEM (5% FBS, 10% TPB) (224)

Caco-2 DMEM (10% FBS) (225, 226)

Calu-3 DMEM (10% FBS) (227)

HEK293T DMEM (10% FBS) (228)

DF-1 DMEM (10% FBS) (229)

HelLa DMEM (10% FBS) (230)

Huh-7 DMEM (10% FBS) (231)

. . B27/Neurobasal (5% FBS, 1X

iPSC-derived neurons GlutaMAX) (232)

Jurkat RPMI (10% FBS) (233)

L929 DMEM (10% FBS) (234, 235)
L-15/H-Lac/L-15B (15% FBS, 7%

LLE/LULS40 TPB, 1X GlutaMAX) (236)
L-15B (5% FBS, 10% TPB, 1X

LLE/LULS45 GlutaMAX) (237)

MDCK DMEM (10% FBS) (238, 239)
L-15B/H-Lac (13% FBS, 5% TPB, 1X

PPL/LULS49 GlutaMAX) (237)

Raji RPMI (10% FBS) (240)

SUP-T1R® RPMI (10% FBS) (241, 242)

SH-SY5Y MEM:F12 (1:1; 10% FBS) (243, 244)

THP-1 RPMI (10% FBS) (245)

ug7* DMEM (10% FBS) (226, 246, 247)

Vero E6 DMEM (10% FBS) (248, 249)

2.1.2 \Viruses

Virus Producer cell Reference

Germiston virus (GERV) BHK-21 cells (250)

Influenza A virus (IAV) (provided

by Prof. Krausslich) MDCK cells (251, 252)

Rift Valley fever virus ANSs:EGFP Vero E6 cells (253)
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SARS-CoV-2 (BavPatl, Wuhan

strain) Vero E6 cells (254)
SARS-CoV-2 (Delta variant)

(provided by Prof. Bartenschlager) Vero E6 cells  (255)
Semliki Forest virus (SFV) BHK-21 cells (256)
Toscana virus (TOSV) i

Strain H4906 (lineage B) BHK-21 cells (257, 258)
Uukuniemi virus BHK-21 cells (259, 260)

2.1.3 Plasmids

Plasmid Notes Reference
pEGFP-Rab5 Expression plasmid for eGFP-tagged Rab5a WT (174)
pEGFP-Rab5 Expression plasmid for eGFP-tagged constitutively active (174)
Q79L mutant of Rab5a

pEGFP-Rab5 Expression plasmid for eGFP-tagged dominant-negative (174)
S34N mutant of Rab5a

pEGFP-Rab7 Expression plasmid for eGFP-tagged Rab7a WT (174)
pEGFP-Rab7 Expression plasmid for eGFP-tagged constitutively active (174)
Q67L mutant of Rab7a

pEGFP-Rab7 Expression plasmid for eGFP-tagged dominant-negative (174)
T22N mutant of Rab7a

pLAMP1-EGFP  Expression plasmid for eGFP-tagged LAMP1 (174)

2.1.4 Antibodies

Primary Antibodies

. : Dilution and .
Antibody Species Method Information
anti-ACE2 Rabbit 1:1,000 WB Abcam, #abh108252
anti-actin rabbit 1:1,000 WB Sigma-Aldrich, Merck, A2066
. . ) Thermo Fisher Scientific,
anti-cathepsin L Mouse 1:1,000 WB #BMS1032
anti-EF2a goat 1:1,000 WB Santa Cruz, #SC-13004
Guinea 1:16,000 flow
anti-GERV i cytometry (258)
P9 1:1,000 WB
anti-IAV N Mouse 1250 flow 1ok Millipore, #MAB8257
cytometry
1:500 flow
anti-SARS-CoV NP Mouse cytometry Sino Biologicals, #40143-
and microscopy ~ MMO05
1:1,000 TCID50
. . . ) Thermo Fisher Scientific,
anti-SARS-CoV Spike rabbit 1:1,000 WB HPA1-41165
anti-SEV E2 Mouse 1:400 flow P'roylde.:d by Prof. Margeret
cytometry Kielian; (261)
anti-TMPRSS2 Rabbit 1:1,000 WB Abcam, #ab92323
anti-TOSV G‘;')'i’;]ea 1:1,000 WB (258)
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1:4,000 flow

aNnti-TOSV Mouse cytometry Kindly provided by Prof. Robert

1:1000 WB Tesh; (169)
anti-TOSV Ge G‘;‘%ea 1:1,000WB  (258)
anti-TOSV Gn Gtg%ea 1:1,000WB  (258)
anti-TOSV N G‘;)'%ea 1:1,000WB  This study.
anti-tubulin Mouse 1:1,000 WB Sigma-Aldrich, Merck, #15168
anti-UUKY N mouse 1:400 flow Provided by Dr. Anna Overby;
cytometry (262)
Secondary Antibodies
Dilution and
Antibody Species Method Information
Anti-goat IRDye _ .
800CW donkey 1:10,000 WB LICOR, #926-32214
L . 1:500 flow Thermo Fisher Scientific, #A-
Anti-guinea pig AF488 goat cytometry 11073
égg;?g'”ea Pig IRDYe  jonkey 1:10,000WB  LiCOR, #926-68077
Anti-guinea pig IRDye ] . i
800CW donkey 1:10,000 WB LICOR, #926-32411
anti-mouse IRDye _ .
800CW donkey 1:10,000 WB LICOR, #926-32212
. 1:500 flow Thermo Fisher Scientific,
anti-mouse AF405 goat cytometry #A-31553
. 1:500 flow Thermo Fisher Scientific,
anti-mouse AF488 goat cytometry #A-11001
. 1:1,000 Thermo Fisher Scientific,
Anti-mouse AF647 goat microscopy HA-21241
antrmouse IRDye donkey ~ 1:10,000WB  LICOR, #926-68072
680RD
anti-rabbit IRDye , .
800CW donkey 1:10,000 WB LICOR, #926-32213
anti-rabbit IRDye . .
630RD donkey 1:10,000 WB LICOR, #926-68073
2.1.5 Reagents
Stock
Reagent Solvent concentration Provider, Cat#
Alexa Fluor 488 NHS 1 Thermo Fisher Scientific,
ester DMSO 10mg.mL™ 4A20000
Ammonium chloride Sigma-Aldrich, Merck,
(NH4CI) H20 1M #254134
- Cayman Chemical,
Aprotinin H.O 25 mM #Cay14716
ATTO647N NHS ester DMSO 5mg.mL? ATTO-TEC, #AD 647N-31
Bafilomycin A1 DMSO 100 pM BioViotica, Adipogen Life

Sciences, # BVT-0253
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Sigma-Aldrich, Merck,

Camostat mesylate H.O 50 mM oML 0057
dCiBIr?cr)ggE;rl[i H,0 10 mg.mL2 zigégz?ldrich, Merck,
coleeme PMSO 0mM S issena
Soneanamyen 2 PMSO SOUM  Sriengoe, VT 0352
Furin egCT;irz Ii;];jsed 200 pg.mL* ORfLOD Systems, # 1503-SE-
MG-132 DMSO 40 mM gggelgk Chemicals, #SEL-
Nocodazole DMSO 20 mM ;:jglgt;igggem’ Merck,
chiorde (R1g) | Etenol 30mw ggliE e e
SB412515 DMSO 10 mM gg;ymzznzggemical,

Taxol (=Paclitaxel) DMSO 10 mM :P;Qg‘?'drich Merck,
Thermolysin PBS 10 mg.mL? §_i|97n;8:—2Aldrich, Merck,
Trypsin PBS 1 mg.mL* #S_ilglrzgéAldrich, Merck,
2.1.6 Buffers

Buffer Composition

Agarose overlay solution (BHK-21)

2.5% FBS, 1% agarose, 0.4% sodium bicarbonate in
GMEM

Agarose overlay solution (SARS-
CoV-2)

4% FBS, 0.1% agarose in DMEM

Coomassie destaining solution

10% acetic acid in dH20

Coomassie fixative solution

40% methanol, 10% acetic acid in dH,O

Coomassie staining solution

0.25% Coomassie brilliant blue, 50% methanol, 10%
acetic acid in dH.O

Crystal violet staining solution

0.3% crystal violet, 10% ethanol, 4% formaldehyde
in deO

FACS permeabilization buffer
(FPB)

2% FBS, 5 mM EDTA, 0.02% NaN3, 0.1% Saponin
in 1X PBS

Freezing medium

90% FBS, 10% DMSO

HNE

10 mM HEPES, 150 mM NaCl, 1 mM EDTA in dH,O
and adjusted to pH 7.3

Infection medium (TOSV, GERV,
RVFV, SFV, IAV) for A549 and
Vero cells

20 mM HEPES, 0.2% BSA in DMEM

LB agar 13% agarose in LB medium
0 0 i
LB medium 3|:oztcr)yptone, 0.5% yeast extract, 171 mM NacCl in
25 mM Tris-HCI pH 7.5, 50 mM NaCl, 2 mM EDTA,
Lysis buffer 0.6% NP-40, 0.1% SDS, 1x complete protease

inhibitor in dH,O
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6 g glycerol, 2.4 g polyvinyl alcohol 4-88, 6 mL

Mowiol dH>0, 12 mL 100 mM Tris-HCI pH8.5; mixed for 48
h, centrifuged at 5,000 rpm for 15 min

pH buffers All based on DMEM, 0.2% BSA, pH adjusted and
sterile filtered through 0.22 pm

pH 7.4, pH 7.0 30 mM HEPES

pH 6.0,5.8,5.6 30 mM MES

pH 5.5 1.6 g.L? citric acid, 4.7 g.L* sodium citrate

pH 5.25 2.0 g.L! citric acid, 4.3 g.L* sodium citrate

pH 5.0 2.4 g.L* citric acid, 4.0 g.L* sodium citrate

TBS-Tween (TBST) 0.1% Tween in 1X TBS

TPB 29.5% in dH.0

Tris-buffered saline (TBS)

2.1.7 Chemicals and Media

Chemical

20 mM Tris base, 150 mM NacCl in dH:0, adjusted to
pH 7.6

Provider

Acetic acid

Merck

Agarose, ultra-pure

Invitrogen, Thermo Fisher Scientific

Agarose (for LB agar plates)

Carl Roth

Albumin Fraction V, powder (BSA)

Carl Roth

B-27 Plus Supplement (50x)

Gibco, Thermo Fisher Scientific

Bovine Albumin Fraction V (7.5 % solution)

Gibco, Thermo Fisher Scientific

Citric acid monohydrate

Sigma-Aldrich, Merck

CMFDA

Invitrogen, Thermo Fisher Scientific

collagen

Sigma-Aldrich, Merck

Coomassie brilliant blue G-250

Thermo Fisher Scientific

Crystal violet

Sigma-Aldrich, Merck

D(+)-Saccharose

Carl Roth

Dimethyl sulfoxide (DMSO)

Merck

DMEM, high glucose, GlutaMAX supplement

Gibco, Thermo Fisher Scientific

DMEM, high glucose, no glutamine, no phenol red

Gibco, Thermo Fisher Scientific

DMEM/F-12, GlutaMAX Supplement

Gibco, Thermo Fisher Scientific

DRAQ5S Thermo Fisher Scientific
Ethanol Merck
Ethylenediaminetetraacetic acid (EDTA) Carl Roth

Ethylenediaminetetraacetic acid (EDTA) 0.5 M pH8

Invitrogen, Thermo Fisher Scientific

Fetal bovine serum (FBS)

Gibco, Thermo Fisher Scientific

Fetal bovine serum (FBS)

Capricorn Scientific

Formaldehyde solution 37 % (for flow cytometry)

Merck

G-418 Solution

Roche, Merck

Glasgow's MEM (GMEM)

Gibco, Thermo Fisher Scientific

GlutaMAX Thermo Fisher Scientific
Glutaraldehyde Carl Roth
Glycerol Labochem international

Hank’s Balanced Salt Solution (HBSS)

Sigma-Aldrich, Merck
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HEPES (1M) Gibco, Thermo Fisher Scientific
Hoechst 33258 Thermo Fisher Scientific
Intercept (TBS) Blocking Buffer LI-COR

Kanamycin Carl Roth

L-15 medium Gibco, Thermo Fisher Scientific

Lactalbumine hydrosylate

Sigma-Aldrich, Merck

LB Medium Powder

Carl Roth

Lipofectamine 2000 transfection reagent

Invitrogen, Thermo Fisher Scientific

Lipoprotein

MP Biomedicals, Thermo Fisher
Scientific

MEM nonessential amino acids solution (100X)

Gibco, Thermo Fisher Scientific

MEM, GlutaMAX Supplement

Gibco, Thermo Fisher Scientific

MES (2-(N-morpholino)ethanesulfonic acid) Carl Roth
Methanol VWR International
Milk powder, blotting grade Carl Roth

Mowiol 4-88 Sigma-Aldrich, Merck
Neurobasal Plus Medium Gibco, Thermo Fisher Scientific
NP-40 Merck

NuPAGE LDS Sample Buffer (4X)

Invitrogen, Thermo Fisher Scientific

NuPAGE MOPS SDS Running Buffer (20X)

Invitrogen, Thermo Fisher Scientific

NuPAGE Sample Reducing Agent (10X)

Invitrogen, Thermo Fisher Scientific

NuPAGE Transfer Buffer (20X)

Invitrogen, Thermo Fisher Scientific

Opti-MEM

Gibco, Thermo Fisher Scientific

Paraformaldehyde solution, 16 % w/v, methanol

, . Alfa Aesar
free (for imaging)
Penicillin-Streptomycin 100X solution Pan Biotech
Phosphate buffered saline (PBS) Merck

PPMP

Cayman Chemical

Protease inhibitor cocktail tablets

Roche, Merck

Protein Standard, SeeBlue Plus2 Prestained

Invitrogen, Thermo Fisher Scientific

Puromycin Invivogen

RPMI 1640 Medium, GlutaMAX Supplement Gibco, Thermo Fisher Scientific
Saponin Serva

Sodium azide (NaNs) Merck

Sodium bicarbonate solution 7.5 %

Gibco, Thermo Fisher Scientific

Sodium chloride (NacCl)

Bernd Kraft

Sodium citrate monobasic

Sigma-Aldrich, Merck

Sodium dodecyl sulfate (SDS) Serva

Tris base Carl Roth

Triton X-100 Merck

Trypan blue solution 0.4 % Gibco, Thermo Fisher Scientific
Trypsin 0.25% Pan Biotech

Trypsin/EDTA 10X Pan Biotech

Tryptone Sigma-Aldrich, Merck
Tryptose phosphate broth (TPB) Sigma-Aldrich, Merck
Tween 20 Carl Roth

Yeast extract
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2.1.8 Kits and Consumables

Media, Kits and Consumables Provider
Centrifuge tubes, polyclear Seton
CytoTox 96® Non-Radioactive Cytotoxicity Assay Promega

E. coli DH5a competent bacteria

Gibco, Thermo Fisher Scientific

FACS micro tubes

Thermo Fisher Scientific

Lab-Tek 8-well (#155411)

Thermo Fisher Scientific

NucleoBond PC 500 plasmid extraction kit

Macherey-Nagel

Nunc cell culture tubes

Thermo Fisher Scientific

PD Minitrap™ G-25

Cytiva, Merck

Precast Protein gels, 10 % Bis-Tris, NUPAGE

Thermo Fisher Scientific

Transfer stack, PVDF (iBlot)

2.1.9 Machines

Machine

Invitrogen, Thermo Fisher Scientific

Company

Bacteria centrifuge Avanti J-20 XP

Beckman Coulter

Bacteria incubator

Memmert

Bacteria shaker Multitron Pro

Infors HT

Blotting system (iBlot gel transfer device)

Invitrogen, Thermo Fisher Scientific

Cell culture incubator C200

Labotect

Cell culture wide field microscope Nikon
Electrophoresis Power Supply EV231 Consort
ENVAIR

ENVAIR eco safe Comfort Safety workbench

Flow cytometer BD FACSCelesta

BD Bioscience

Heraeus Fresco 21 Centrifuge

Thermo Fisher Scientific

Heraeus Megafuge 40R Centrifuge

Thermo Fisher Scientific

Infinite M200Pro plate reader Tecan

JA-10 rotor Beckman Coulter

LabGard class Il safety cabinet Nuaire

Leica TCS SP8 confocal microscope Leica Microsystems

LI-COR Odyssey CLx LI-COR

Magnetic Stirrer Hei-Standard Heidolph Instruments
VWR

Microcentrifuge MiniStar silverline

Mini-gel electrophoresis system

Thermo Fisher Scientific

Nanophotometer NP80 Touch

Implen

Optima L-90K Ultracentrifuge

Beckman Coulter

pH-meter FiveEasy

Mettler-Toledo

Precision scale EW220-3NM

Kern

Rocker Polymax 1040

Heidolph



Rotor SW 32 Ti Beckman Coulter

Rotor SW 60 Ti Beckman Coulter
Scale 650-2NM Kern
Spectrofluorometer FP-8000 series Jasco

STED/ RESOLFT microscope Abberior Instruments
Thermomixer C Eppendorf
Vortex-Genie 2 Scientific Industries

XCell SureLock Mini-Cell Electrophoresis chamber Invitrogen, Thermo Fisher Scientific

2.1.10 Software

Software Notes
BioRender Figure Design
FlowJo (Treestar) Flow cytometry data
GraphPad Prism v8.0.1 Analysis, figure design
ImageJ Image analysis

2.2 Methods
2.2.1 Cells

2211 Cell Culture

All mammalian cell lines were cultured at 37°C in a humified atmosphere with 5% CO..
BHK-21 cells were cultured in GMEM supplemented with 5% FBS and 10% TPB. A549,
Caco-2, Calu-3, DF-1, HelLa, HEK293T, Huh-7, L929, MDCK, U87 and Vero cells were all
cultivated in DMEM supplemented with 10% FBS. For A549 cells, the medium was
additionally supplemented with 1X nonessential amino acids (NEAA). A549 cells
overexpressing ACE2 and TMPRSS2 were a kind gift from Prof. Bartenschlager. Caco-2
and Calu-3 cells were grown on collagen-coated flasks and plates. For coating, collagen
was dissolved to 1% in 60% ethanol and added to flasks or plates for at least 30 min at
37°C. The surfaces were extensively washed with PBS before seeding of cells. Jurkat,
Raji, Sup-T1 and THP-1 cells were grown in RPMI supplemented with 10% FBS while SH-
SY5Y were cultivated in MEM/F12 supplemented with 10% serum. The sand fly cell lines
LLE/LULS40, LLE/LULS45 and PPL/LULS49 were kept at 28°C in sealed, flat Nunc tubes.
LLE/LULS40 was cultured in a mix of L-15, H-Lac and L-15B, LLE/LULS45 in L-15B and

PPL/LULS49 in a mix of L-15B and H-Lac. All cell lines were grown in the presence of
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100 units.mL? penicillin and 100 mg.mL* streptomycin. Cells were monitored regularly

with a widefield microscopy and split according to their confluency.

For passaging of adherent mammalian cells, cells were washed with PBS before
trypsin/EDTA was added to detach cells. Medium was added and cells were resuspended.
Suspension cells were split by resuspending the cell suspension. Sand fly cell lines were
passaged by resuspending cells and transferring to new tubes. For long-term storage,
cells were cryopreserved at -80°C or in liquid nitrogen. For freezing, cells were pelleted by
centrifugation at 300 x g for 5 min and resuspended in freezing medium. Cell suspension

was transferred to cryo-tubes in an isopropanol tank and placed overnight at -80°C.

Human induced pluripotent stem cells (iPSCs)-derived glutamatergic neurons were
prepared and provided in a collaboration by Alessandra Albertelli from the Claudio Acuna
group in Heidelberg as previously described (232). Briefly, iPSC were infected with two
lentiviruses, one was expressing a reverse tetracycline-controlled transactivator (rtTA)
under an ubiquitin promoter. The second lentivirus was designed to express neurogenin-2
and puromycin in an inducible manner driven by the rtTA promoter. After one day,
doxycycline was added to induce neurogenin-2 and puromycin expression. Two days
later, puromycin was added for selection of transduced iPSCs. Remaining cells were re-
plated on Matrigel-coated coverslips with primary mouse glial cells that were prepared as
previously described (263). From then on, half of the medium was changed every second
day for 8 d, and 2.5% FBS was added to support astrocyte viability. After day 10, induced
neurons were cultured in B27/Neurobasal medium supplemented with 5% FBS for a
minimum of 21 days before infection with TOSV. For a complete list of cell lines and

media, see section 2.1.1.

2212 Cytotoxicity assay

Cytotoxicity of all used inhibitor concentrations were assessed using the CytoTox96 Non-
Radioactive Cytotoxicity colorimetric assay according to the provider's recommendations.
This assay measures lactate dehydrogenase that is released into the extracellular
medium upon cell death and lysis. Cells were treated for 9 h at 37°C with drugs in the
range of concentrations used to study entry. PPMP, a ceramide analog that impairs
ceramide maturation and cell membrane integrity, was used as a positive control.

Absorbance was measured at 490 nm using a plate reader.
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2.2.2 Plasmid preparation and transfection of mammalian cells using
Lipofectamine

For amplification of plasmid, chemically competent E. coli DH5a cells were thawed on ice
and 50 ng of plasmids were added to 25 pL of bacteria. After 30 min incubation on ice, a
heat shock at 42°C for 30 sec was performed before bacteria were placed back on ice for
2 min an 1 mL of LB medium was added. The bacteria were incubated at 37°C for 1 h
while shaking. 100 pL of transformed bacteria were plated on LB-agar plates
supplemented with kanamycin for selection. Single colonies were picked the next day to
inoculate 250 mL of LB. Bacterial cultures were grown overnight at 37°C at 180 rpm.
Bacteria were pelleted at 6,000 x g for 15 min at 4°C and plasmids were extracted using
the NucleoBond PC 500 Kit according to the manufacturer’s instructions. Plasmids were

resuspended in dH20 and DNA yield was measured by a hanophotometer.

Plasmids were transfected into A549 and Vero cells using Lipofectamine 2000
transfection reagent according to the manufacturer's instructions. Transfection were
performed in a 24-well plate format. 8x10* A549 cells or 5x10* Vero cells were seeded.
The next day, A549 and Vero cells were transfected the next day with 0.5 ug and 0.75 ug
plasmid DNA and 1 yL and 1.9 uL Lipofectamine 2000, respectively. The medium was
changed after 5 h. For imaging-based transfections, cells were seeded on glass cover

slips.

2.2.3 Viruses
2231 Virus production

GERV, SFV, and TOSV were produced in BHK-21 cells, and RVFVANSs:EGFP and
SARS-CoV-2 in Vero E6 cells according to protocols previously described (250, 253, 256,
258, 264). Briefly, BHK-21 and Vero cells at a confluency of 60-80% were washed with
serum-free GMEM (GMEM, 10% TPB), serum-free DMEM (RVFVANSs:EGFP) or DMEM
containing 2% FBS (SARS-CoV-2). Cells were infected in 15 mL with TOSV, GERV, SFV,
RVFVANSs:EGFP, or SARS-CoV-2 at low multiplicities of infection (MOls) of 0.01, 5x10°°,
0.05, 0.02 and 0.1, respectively. The input virus was replaced after 1 h at 37°C by 33 mL
serum-free medium, or for SARS-CoV-2, medium containing 2% FBS. Virus was
harvested at approximately 50% cytopathic effect (CPE) reached after around 72 h, 33 h,
24 h, 72 h for TOSV, GERV, SFV and SARS-CoV-2, respectively. For RVFVANSs:EGFP,
infection of the eGFP-expressing virus was assessed by a widefield fluorescence
microscope and virus-containing supernatant was harvested after 120 h. For TOSV,
GERYV, SFV, and RVFVANSs:EGFP, supernatant was supplemented with 20 mM HEPES,

51



cleared by centrifugation at 1500 x g for 20 min at 4°C and subsequently purified by
ultracentrifugation through a sucrose cushion. SARS-CoV-2 containing supernatant was
cleared by centrifugation at 800 x g for 5 min at room temperature and subsequently

filtered through 0.45 pm. All virus stocks were aliquoted and stored at -80°C.

GERV and RVFVANSs:EGFP were produced jointly with the lab rotation student Alicia
Rosenberger. UUKV was produced and provided by Zina Uckeley, a former group
member and the production was described elsewhere (260). IAV was produced with the
reverse genetics system on MDCK cells and kindly provided by Vera Sonntag-Buck, a
technician in the group of Prof. Krausslich, Virology, Heidelberg according to standard
protocols (265). The SARS-CoV-2 Delta variant was produced on Vero cells by Marie
Bartenschlager and kindly provided by Berati Cerikan, a former group member of Prof.

Bartenschlager (255).

2232 Purification of viral particles
Semi-purification through sucrose cushion

The infectious supernatant were semi-purified through a 25% (GERV, RVFVANSs:EGFP,
SFV) or a 30% sucrose cushion (TOSV). Thereby, virus containing supernatant in SW32
centrifugation tubes was carefully underlaid by 2.5 mL of respective sucrose cushion and
ultracentrifuged at 96,000 x g for 2 h at 4°C using a SW32 rotor. Supernatant was
discarded, 300 pL of HNE buffer was added and tubes were rested on ice for 1 h. Viral
pellets were resuspended, aliquoted, stored at -80°C and characterized by titration and

protein quantification.
Gradient-purification of TOSV particles

For cryo-EM or remove unbound dyes during fluorescent labeling, TOSV particles were
purified over a sucrose density gradient. A linear sucrose gradient was prepared in SW60
tubes by layering 900 pL of sucrose solutions of 60, 45, 30 and 15% on top of each other.
After each layer, the tubes were placed at -80°C until the solutions were frozen. Gradients
were thawed overnight at 4°C to allow linearization of the gradient. Labeled TOSV was
then added carefully on top of the gradient and ultracentrifugation was performed at
100,000 x g at 4°C for 90 min in a SW60 Ti rotor with deceleration set to a minimum. A
milky band at 40-45% sucrose was extracted using a syringe. Labeled virus was then
analyzed by plaque-forming unit (pfu) titration, Coomassie staining and in-gel

fluorescence.
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Purification of SARS-CoV-2 by buffer exchange columns

Labeled SARS-CoV-2 was purified from unbound dye over PD MiniTrap G-25 buffer
exchange columns according to manufacturer's recommendations. Briefly, the column
was equilibrated two times by applying 500 uL DMEM containing 2% FBS and allowing
the medium to enter by gravity. 500 uL medium was applied a third time and column was
spun at 1000 x g for 2 min. Labeled virus was added on top of the matrix and eluted by
centrifugation at 1000 x g for 2 min. Labeled SARS-CoV-2 was then analyzed by pfu
titration and fluorescence microscopy.

2.2.3.3 Titration
Titration by plaque-forming unit assay

Infectivity of TOSV, GERV and SFV was analyzed by pfu titration assay on BHK-21 cells
while TOSV was additionally titrated on A549 cells. 3x10° BHK-21 or 1x10° A549 cells
were seeded in a 6-well plate format. The next day, cells were washed in serum-free
medium and infected in duplicates with 10-fold dilutions in 500 pL. After 1 h at 37°C, cells
were overlaid with 4 mL of agarose solution and incubated at 37°C. After 1 h, the plates
were inverted when the agarose turned solid and incubated at 37°C for 96 h (TOSV), 72 h
(GERV) and 48 h (SFV).

SARS-CoV-2 titers were determined by semi-solid pfu titration on Vero and A549* cells.
For pfu titration, 1x10* Vero and 1.2x10* A549* cells were seeded in a 24-well plate
format and infected with 250 pL of 10-fold dilutions of SARS-CoV-2 in DMEM 2% FBS the
next day. After 1 h, 150 uL of DMEM 2% FBS and 400 pL of 2X agarose overlay was
added and incubated for further 72 h at 37°C. To visualize plagues in pfu assays, agarose
was removed, the cell layer was fixed with 4% formaldehyde (FA) and stained with crystal
violet solution for 20 min. SARS-CoV-2 plates were additionally plunged in containers with
6% FA for 30 min before they could leave BSL3 environment. Stained plates were washed
in H20 and viral titers in pfu.mL™ were calculated by the number of plaques and corrected

for the dilution factor.
Titration by TCID50 assay

SARS-CoV-2 susceptibility and titers were additionally determined by 50% tissue culture
infectious dose (TCID50) titration assay on Vero, Caco-2, Calu-3, HelLa, HeLa DC-SIGN,
A549 and HEK293T cells. 3x10* cells were seeded in a 96-well plate format and infected
the next day with 10-fold dilutions of SARS-CoV-2 in DMEM containing 2% FBS. Infected
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cells were fixed after 24 h by incubating 10 min in 4% FA and plunging the plate for
30 min in 6% FA. After extensive washing of the plate, cells were permeabilized in 0.5%
triton X-100/PBS for 15 min at room temperature. Samples were blocked in Li-COR
blocking buffer for 30 min before subjected to immunostaining using the anti-SARS-CoV
NP antibody at a dilution of 1:1,000 for 1 h. After extensive washing, an IRDye 800CW-
coupled anti-mouse antibody and DRAQ5 diluted 1:10,000 were added for 45 min. Cells
were washed and fluorescence was scanned on Li-COR Odyssey CLx. TCID50 titers

were calculated by the Spearman and Karber algorithm as previously described (266).
Titration of RVFVANSs:EGFP by fluorescence microscopy

As pfu titration of RVFVANSs:EGFP did not result in plaques, A549 cells were infected
with different volumes of semi-purified virus stock and the percentage of infected cells was
determined. Infection was allowed for 9 h at 37°C ensuring only a single round of
infection. Cells were then fixed and fluorescence resulting from eGFP expression was

analyzed by widefield fluorescence microscopy.

2234 Quantification of viral proteins by Coomassie blue staining

To quantify the concentration of individual viral proteins in the semi-purified virus stocks
and to verify the purity of the stock, virus was mixed with 4X SDS sample buffer and viral
proteins were separated by SDS-PAGE on a 10% Bis-Tris gel. For quantification, different
volumes of virus stocks (2.5, 5 and 10 pL) were loaded together with a bovine serum
albumin (BSA) standard of known concentrations ranging from 0 — 1,000 ng on the gel.
Gel electrophoresis was performed under nonreducing conditions in a MOPS SDS
running buffer at 125 V for 90 min. The gel was incubated in the fixative solution for 1 h
before proteins were stained in a Coomassie staining solution for 1 h. Destaining was
achieved by multiple washing steps in dH>.O and Coomassie destaining solution overnight.
The destained gel was scanned and intensities of viral and BSA bands were analyzed by
ImageJ. A standard curve could be determined using the BSA standard enabling

quantification of viral proteins.

2.2.35 Fluorescent labeling of virions

TOSV envelope glycoproteins were labeled with amine-reactive fluorescent NHS ester
dyes as previously described for other phenuiviruses (267). Briefly, the concentration of

TOSV glycoproteins was determined as described in section 2.2.3.4 and roughly 100 ng
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of glycoproteins were labeled with Alexa Fluor (AF) 488 NHS or ATTO647N NHS in a
molar ratio of viral protein to dye of 1:1 and 1:2, respectively. Alternatively, to label the
viral membrane and perform lipid-mixing assays, roughly 3x10° infectious TOSV patrticles
were mixed with the fluorescent autoquenching dye R18 at a final concentration of 25 pM.
Dyes were dissolved in 50 pL HNE buffer, added dropwise to virus stocks and incubated
for 2 h at room temperature in the dark with gentle shaking. Labeled viruses were then

purified and extracted by sucrose density ultracentrifugation.

SARS-CoV-2 particles were labeled with R18 using a similar protocol as for TOSV but
with different concentrations. 500 pL SARS-CoV-2 stocks were incubated with R18 at a
concentration of 1 uM for 2 h to allow labeling of the viral membrane. Labeled particles

were then purified by buffer exchange columns.

2.2.4 Flow Cytometry-based infection assays
2241 Infection assay

Cells were seeded and infected the following day at indicated MOIs of TOSV, SFV,
GERV, RVFVANSs:EGFP, IAV, SARS-CoV-2 and UUKYV. Infections were carried out in
the respective serum-free medium containing 20 mM HEPES and 0.2% BSA (infection
medium) or DMEM supplemented with 2% FBS in the case of SARS-CoV-2. MOls
provided in figure legends are given according to titration on BHK-21 (TOSV, GERV, SFV,
UUKV), A549 (RVFVANSs:EGFP), MDCK (IAV) or Vero (SARS-CoV-2). After 1 h at 37°C,
virus input was removed if not stated otherwise, and replaced by complete medium.
Infection experiments to assess entry were usually stopped after another 5 h for TOSV,
7 h for SFV, GERV, RVFVANSs:EGFP, IAV and UUKV, and 8 h for SARS-CoV-2. Cells
were then harvested and infection was monitored by flow cytometry (specified in section
2.2.4.6).

For inhibition experiments, compounds were serially diluted in infection medium for TOSV
(DMEM, 0.2% BSA, 20 mM HEPES) or SARS-CoV-2 (DMEM, 2% FBS) in the presence of
similar amounts of solvents. Cells were pretreated in a 24-well plate format at 200 pL 1.5-
fold concentrations of inhibitors for 30 min, except for colcemid, nocodazole and taxol that
were added for 3 h at 4°C. Controls with respective amount of solvent were included and
used for normalization of infections. 100 pL of diluted virus was added to reach a final
inhibitor concentration of one-fold. To assess inactivation by pretreatment at low pH,
virions were first buffered to different pH values in 100 mM citric acid (pH 5.0 — pH 6.5) or
100 mM MES (pH 7.0) and incubated for 5 min at 37°C, or 10 min for SARS-CoV-2.
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Virions were re-neutralized to pH 7.4 by addition of 0.1 N NaOH and stabilized by addition
of 20 mM HEPES before adding to cells. For proteolytic processing, SARS-CoV-2 was
pretreated with trypsin (100 pg.mL?), furin (1 pg.mL?t) or thermolysin (1 mg.mL?) for
15 min at 37°C before adding to cells.

2242 Binding and internalization assay with fluorescently-labeled viral
particles

Binding of viral particles to the cell surface was achieved by adding viral particles to cells
in suspension at 4°C for at least 1 h. Cells were detached with 0.5 mM EDTA and washed
in complete medium to remove EDTA. Cells were pelleted by 300 x g for 4 min, washed in
infection medium and cooled down on ice for 10 min. Pre-cooled virus suspension was
added to 2x10° cells and incubated on ice for 60-90 min. Virus input was removed after
centrifugation at 300 x g for 4 min at 4°C and washed twice in cold PBS before
fluorescence of bound viral particles was analyzed by flow cytometry. To assess binding
of pH pretreated virus particles, pH pretreatment was performed as described in section
2.2.4.1. before virus was added to cells on ice. For binding competition of TOSV and SFV,
cells were first exposed to indicated amounts of unlabeled TOSV and SFV for 45 min
before AF488-TOSV corresponding to 15 nM viral glycoproteins was added and left for

another 60 min on ice.

For internalization assays, AF488-TOSV was bound to cells in suspension. Cells were
either kept on ice, or washed in warm infection medium and the temperature was rapidly
shifted to 37°C in a water bath to allow endocytosis of particles. After indicated timepoints,
cells were washed with cold PBS and kept on ice until acquisition of fluorescence by flow
cytometry. To differentiate between plasma membrane-bound and internalized particles,
each sample was split into half, and 0.01% trypan blue was added to one half directly

before acquisition.

2.24.3 Plasma membrane-fusion assay (endocytic bypass experiment)

To analyze the optimal pH for TOSV fusion, an endocytic bypass experiment was
performed as previously described for other viruses (104, 174). Briefly, virus binding at
MOI 10 was synchronized on ice as described in section 2.2.4.2. After binding,
prewarmed buffers at indicated pH were added, and the plate was quickly transferred to a

37°C water bath for 90 sec. Cells were extensively washed, complete medium
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supplemented with 50 mM NH4CI was added and incubated at 37°C for 7 h before

harvesting and analysis of infection by flow cytometry.

2244 Drug-addition and removal time courses

To determine kinetics of inhibitor-sensitive steps during entry of viruses, binding of viral
particles at indicated MOIs was synchronized on ice in infection medium. The inoculum
was removed and prewarmed complete medium supplemented with 20 mM HEPES was
added. The temperature was rapidly shifted to 37°C in a water bath for 20 min followed by
incubation in an incubator at 37°C for the remaining time period. For addition time
courses, inhibitors were added at different time points and at indicated concentrations. For
removal time courses, inhibitors were added in complete medium supplemented with
20 mM HEPES directly when the inoculum was removed. Inhibitors were removed and
cells were extensively washed at indicated time points. Samples without inhibitor and with
inhibitor kept during complete infection were included as controls. TOSV samples were
harvested 5-6 h, and SARS-CoV-2 and UUKV samples 8 h after the warm shift.

2245 Temperature entry assay

To assess the dependence of TOSV entry on temperature, virus was bound to cells on
ice. SFV was used as a control. Virus inputs was removed, complete medium buffered
with 20 mM HEPES was added temperature was shifted to indicated temperatures for
50 min. Samples were then transferred to 37°C, 50 mM NH.Cl was added and incubated
for further 6 h. To investigate the impact of temperature on TOSV fusion, an endocytic
bypass experiment was performed at different temperatures as described in section
2.2.4.3. After TOSV binding to cells on ice, pH 5.0 and 7.4 buffers adjusted to indicated
temperatures were added and samples were transferred to different temperatures for
90 sec. Cells were then washed with infection medium, prewarmed complete medium with
50 mM NH.Cl was added and cells were incubated for 7 h at 37°C.

2246 Cell fixation and immunostaining for flow cytometry

For harvesting, cells were washed with PBS and detached with trypsin. Detached cells
were resuspended in complete medium and transferred to tubes or 96-well V-bottom
plates. Cells were pelleted by 400 x g for 3 min, washed in PBS and resuspended in 4%
FA for fixation. TOSV-, GERV-, RVFVANSs:EGFP-, SFV-, IAV-, and UUKV-infected
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samples were fixed for 20 min at room temperatures whereas SARS-CoV-2 infected cells
were fixed for 30 min in 4% PFA under BSL3 conditions before fixed samples could be
handled under BSL2 conditions. After fixation, cells were washed in PBS and all further
steps were performed in a saponin-based FACS permeabilization buffer (FPB) . Cells
were first incubated in FPB for 5 min before resuspended in primary antibody diluted in
100 pL FPB and incubated for 1 h at room temperature or 4°C overnight. After washing,
cells were incubated in AF488- or AF405-conjugated secondary antibody for 1 h at room
temperature in the dark. Cells were extensively washed, resuspended in PBS and kept on
ice until measurement with the flow cytometer. Data were analyzed with the software
FlowJo v10.8.1. More information about primary and secondary antibodies and their

dilutions are provided in section 2.1.4.

2.2.5 Imaging-based assays
2251 Binding and internalization assays

To assess viral binding by microscopy, cells were seeded on 12 mm round glass cover
slips in a 24-well plate format or in Lab-Tek chambers. The next day, cells were washed in
cold infection medium, cooled down on ice for 10 min and viral particles were added.
Samples were kept on ice for 60-90 min before cells were washed twice in cold PBS and
fixed in cold 4% methanol-free PFA for 20 min on ice followed by 10 min at room
temperature. Nuclei were stained with Hoechst 33258 at a concentration of 0.5 pug.mL™* for
5 min at room temperature and washed in PBS. Cells in Lab-Tek chambers were kept in
PBS and stored at 4°C. Cells grown on glass cover slips were washed once in dH:0, air-
dried, mounted in 4 puL mowiol on a microscopy slide and dried overnight at room
temperature. Cells were imaged by confocal microscopy on a Leica TCS SP8 confocal

microscope.

For internalization assays, AF488-TOSV was bound to adhered cells in Lab-Tek
chambers before cells were kept on ice (0 min timepoint) or washed in warm infection
medium and the temperature was rapidly shifted to 37°C in a water bath to allow
endocytosis of particles. After 0 and 30 min at 37°C, cells were washed with cold PBS and
fixed for confocal imaging. Nuclei were stained by Hoechst and cells were imaged, before

0.02% trypan blue was added and the same cell was imaged again.
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2252 Co-localization analysis of TOSV with EGFP-tagged endosomal markers

A549 cells were transfected on glass cover slips with EGFP-tagged endosomal markers
as described in section 2.2.2., before ATTO647N-TOSV at MOI 1 was bound to cells on
ice 22 h post-transfection. Internalization of viral particles was allowed by rapid shifting to
37°C for indicated timepoints before cells were returned back on ice. Fixation and

mounting were performed as described in section 2.2.5.1.

2.25.3 Cell-cell fusion assay of SARS-CoV-2

5x10% A549*, 5x10* A549* TMPRSS+ or 2x10* Vero cells were seeded in 8-well Lab-Tek
chambers and infected with SARS-CoV-2 at MOI 0.1 and 0.2, respectively. After 24 h,
non-infected CMFDA-labeled target cells were added and co-cultured for 5 h. For labeling
and preparation of target cells, CMFDA was added at a concentration of 2.5 uM to cells
for 30 min at 37°C. Cells were washed in PBS and detached with EDTA as described in
section 2.2.4.2. Detached cells in suspension were then added to SARS-CoV-2 infected
donor cells at a ratio of donor to target cell of 2:1. After 5 h, co-cultured cells were left
untreated or exposed to furin (1 pg.mL™?) or trypsin (100 pg.mL™) for 5 min at 37°C. Cells
were gently washed and left to incubate for 1 h prior to fixation. Alternatively, cells were
first treated with trypsin, left resting for 1 h at 37°C before buffers at pH of 7.4, 6.0 and 5.0
were added for 5 min at 37°C. The co-cultured cells were again washed and left to
incubate for 1 h at 37°C before fixation. To assess the role of TMPRSS2, camostat
mesylate (100 uM) was added during the whole 5 h of co-culture. Cells were fixed in 4%
methanol-free PFA/ 0.2% glutaraldehyde in PBS for 10 min before plunging in 6% FA bath
for 30 min. Cells were extensively washed in PBS and permeabilized in 0.1% triton X-
100/PBS for 5 min at room temperature. Samples were blocked in 5% BSA/PBS overnight
at 4°C and infected cells were stained with anti-SARS NP and incubated overnight at 4°C.
After washing, an anti-mouse antibody coupled to AF647 was added for 1 h at room
temperature in the dark. Nuclei were stained in Hoechst. Formation of syncytia was

evaluated by fluorescence confocal microscopy.

2254 Confocal fluorescence microscopy and image analysis

3D stacks of samples were acquired by confocal microscopy on a Leica TCS SPS8
confocal microscope equipped with an HC PL APO CS2 63x/1.4 N.A. oil immersion
objective. Images were recorded with an excitation wavelength of 405, 488, 561 and

640 nm. Stacks had a z-spacing of 200 -1000 nm with 200 nm used for co-localization
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analysis of TOSV with endosomal markers, and 1000 nm for SARS-CoV-2 cell-cell fusion
assays. Images were analyzed by Image J. For binding assays, 3D stacks of cells were
inverted and minimal projected. The noise was reduced with the Gaussian Blur filter and
particles were selected by applying a threshold. A Watershed algorithm was applied to
separate overlapping particles. Each cell was selected individually to count puncta with
the “analyze particles” plugin. For co-localization analysis, the total number of particles per
cell and the number of particles co-localizing with vesicles positive for endosomal markers
were counted. In the SARS-CoV-2 cell-cell fusion assay, syncytia formation was
determined by counting all cells and nuclei in CMFDA-positive cells. A fusion index f was
calculated based on the equation f = (1 — [c/n]) where ¢ is the number of cells and n is the
number of nuclei in a field of view. An average field of view contained roughly 30 Vero or
60 A549* nuclei.

2.255 Super resolution microscopy of TOSV particles

ATTO647N-TOSV particles were imaged by super resolution microscopy with a 2-color
STED microscope equipped with an x100 Olympus UPlanSApo (NA 1.4) oil immersion
objective. Virus particles were mounted in mowiol on PEl-coated coverslips and imaging
was performed by Dr. Susann Kummer, a former member of the Krausslich group,
Heidelberg, as previously described (268). The pixel size was set to 60 hm (confocal) and
15 nm (nondiffracted). Minor adjustments of contrast and brightness of images and the
Richardson—Lucy deconvolution with a regularization parameter of 0.001 stopped after 30

iterations were carried out using Imspector software 16.1.7098 (Abberior instruments).

2.25.6 Cryo-EM sample preparation and image acquisition

For cryo-EM imaging, semi-purified TOSV was further purified over a linear sucrose
gradient as described in section 2.2.3.2. To remove sucrose, particles were washed in
HNE buffer and pelleted by ultracentrifugation at 100,000 x g for 90 min at 4°C. Virus
pellet was resuspended in 4% methanol-free PFA and flash-frozen in liquid nitrogen.
Particles were imaged by Dr. Martin Obr, a former member of the Florian Schur lab at IST
Austria, as recently described (250). Briefly, virus was applied to degassed Quantifoil R2/2
Cu grids and vitrified in liquid ethane by a plunge freezer. Images were acquired on a
Thermo Fisher Scientific Glacios transmission electron microscope using SerialEM
software. The nominal magnification was 73,000x, resulting in a pixel spacing of 2.019 A.

Cryo-EM images were further analyzed by ImageJ. Diameter of virions and membrane-to-
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membrane distance were measured by the distance of peaks in density profiles on the
opposite side of the viral particle. The largest and smallest diameters of each particle were

measured to determine the sphericity.

2.2.6 R18-based fusion assays

R18-labeled TOSV was used to evaluate fusion with host cell membranes. To analyze
dequenching of R18-TOSV upon dilution of the dye, particles diluted in HNE buffer were
analyzed in a cell-free dequenching assay. The fluorescence emission of quenched R18-
TOSV was measured by a Jasco FP-8500 spectrofluorometer. Triton X-100 was added to
disrupt the membrane to a final concentration of 1% and fluorescence was measured
again. To assess kinetics of penetration from endosomes, R18-TOSV was bound to A549
cells in suspension at MOI 10 on ice in phenol-free infection medium. Cells were pelleted
after virus binding and resuspended in prewarmed complete phenol-free medium
supplemented with 20 mM HEPES before cell suspension was transferred into a cuvette
placed inside a spectrofluorometer warmed to 37°C. Fluorescence emission was
measured every min over 90 min at 37°C. As control, 50 mM NH4Cl was added to one
sample to block acidification of endosomes. To analyze fusion kinetics with the plasma
membrane, R18-TOSV was allowed to bind to cells on ice. After 90 min binding on ice,
cells were pelleted by centrifugation at 4°C and resuspended in PBS prewarmed to 37°C
directly before acquisition in a spectrofluorometer. Fluorescence emission was recorded
every sec for 600 sec. After 30 sec, a pre-defined volume of pH buffers was injected into
the sample to reach the indicated pH value ranging from pH 5.0-7.4 in the cell suspension.
After 550 sec, triton X-100 was added. Data were normalized to input and background
fluorescent increase from pH 7.4 sample was subtracted. Kinetics were analyzed using
GraphPad Prism. For kinetics of pH pretreated TOSV, pH pretreatment was performed as

described in section 2.2.4.1. before binding to cells on ice.

2.2.7 Protein analysis by SDS-PAGE and western blotting

For lysis of cells, cells were washed in PBS, detached by scraping in cold PBS and cells
were pelleted by centrifugation for 300 x g for 4 min. Cell pellet was resuspended in cold
lysis buffer and incubated for 20 min on ice. The lysed cells were centrifuged at
10,000 rpm in a table-top centrifuge for 20 min at 4°C and the supernatant was stored at
-20°C until subjected to SDS-PAGE and western blotting. Cell lysates were mixed with 4X

SDS sample buffer and boiled at 95°C for 5 min before loaded on a precast 10% Bis-Tris
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gel. Electrophoresis was performed under nonreducing conditions, if not stated otherwise,
in MOPS SDS running buffer at 125V for 90 min. Proteins were then transferred to a
polyvinylidene difluoride (PVDF) membrane by using the iBlot dry blotting system.
Membranes were blocked in 5% milk/ TBST for at least 1 h at room temperature on a
rocker before incubated in primary antibody diluted in 5% BSA/ TBST overnight at 4°C on
a shaker. The membrane was washed thrice for 10 min in TBST and transferred to Li-
COR secondary antibodies diluted in Li-COR intercept blocking buffer for 1 h at room
temperature in the dark. More information about primary and secondary antibodies and
their dilutions are provided in section 2.1.4. Membranes were again washed thrice for
10 min in TBST and acquired on a Li-COR Odyssey CLx scanner. Band intensities were

analyzed by ImageJ.

2.2.8 Statistical analysis

Graph plotting and statistics were performed with Prism v8.0.1. Figures show means +
standard deviation (SD) if not stated differently. Figure legends indicate number of
independent experiments performed in duplicates or triplicates (n), statistical method and

p values when appropriate.
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3 Results

3.1 Characterization and fluorescent labeling of TOSV produced from
mammalian cells

3.1.1 Production and purification of TOSV from BHK-21 cells

In this thesis, | used TOSV, a representative phenuivirus transmitted by phlebotomine
sand flies, and aimed to study its entry into human host cells. This work is currently under
revision as a single first author in PLOS Pathogens (269). Before TOSV could be used for
entry experiments, protocols for its production, purification, titration, and characterization
had to be established and optimized. In addition, protocols for fluorescent labeling of viral
particles were established to enable qualitative and quantitative fluorophore-based

assays.

TOSV could be produced from the fibroblastic baby hamster kidney (BHK)-21 cells. The
collected supernatant containing viral particles was semi-purified by ultracentrifugation
through a 30% sucrose cushion. Viral proteins were then separated by nonreducing SDS-
PAGE and stained with Coomassie blue (Figure 19A). TOSV Gn and Gc showed
molecular weights of approximately 46 kDa, while that of the N protein was about 27 kDa.
For immunodetection, | mainly relied on antibodies that were homemade. Antibodies were
raised in guinea pigs either against viral particles, which allowed to detect all structural
proteins, the nucleoprotein N and the glycoproteins Gn and Gc, with a single polyclonal
antibody, or against individual peptides derived from the Gn, Gc, and N proteins (258).
The individual peptides enabled to generate polyclonal antibodies specific for Gn, Gc, and
N proteins. When the viral proteins were separated by SDS-PAGE followed by western
blotting, Gn, Gc and N could be detected with the antibody directed against the structural
proteins at the same sizes as the bands appearing in the Coomassie staining (Figure
19B). In addition, antibodies directed against a single viral protein detected only Gn, Gc
and N. Two unspecific bands of weak intensity at approximately 58 and 64 kDa appeared
with the antibodies against Gn and TOSV raised in guinea pigs in mock-infected samples,

but did not represent a limitation for my future analysis.

The concentration of viral proteins was quantified from Coomassie stained gels by plotting
a curve of the band intensities of a BSA standard with determined quantities (Figure 19C,

D). For all virus productions, N and glycoprotein concentrations were included in the range
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Figure 19. Characterization of TOSV proteins and titer after amplification in BHK-21 cells.

(A) Proteins from viral particles purified through sucrose cushion were separated by SDS-PAGE
followed by Coomassie blue staining. (B) Cell lysate of noninfected or TOSV-infected A549 or
HEK?293T cells (for N protein) were subjected to SDS-PAGE followed by western blotting. Viral
proteins were visualized using mouse and guinea pig (gp) antiserum raised against TOSV, or
guinea pig antibodies individually against TOSV Gn, Gc, or N protein. (C) Viral proteins of semi-
purified TOSV together with a BSA standard scale were subjected to SDS-PAGE and stained with
Coomassie blue. (D) Band intensities of BSA standard were plotted against their quantities in ng.
Concentrations of viral proteins could be determined by comparison to the standard curve. (E)
TOSV titers were determined by plaque-forming unit (pfu) assay on BHK-21 cells using 10-fold
dilutions of the virus stock. After four days of incubation at 37°C, cell layers were fixed and plagues

were visualized by crystal violet staining.
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55 - 320 ug.mL* and 84 - 370 pug.mL™, respectively, with a glycoprotein to N protein ratio
between 0.7 — 1.8.

The infectivity of TOSV was measured as titrated by plaque-forming titration assays on
BHK-21 cells (Figure 19E). Virus could be produced to titers as high as 10" — 108 pfu.mL?
in the supernatant of infected BHK-21 cells and 10° - 10%° pfu.mL? after concentration

during the semi-purification ultracentrifugation step.

3.1.2 Cryo-EMimaging of TOSV particles

TOSV particles were washed in HNE buffer to remove sucrose, fixed in 4% PFA, and
vitrified prior to cryo-EM. Cryo-EM was performed in collaboration with Dr. Martin Obr from
the Florian Schur lab (IST Austria). The particles appeared to be enveloped, nearly
spherical with a diameter of 121 + 11 nm and spike-like protrusions of 9 £ 2 nm (n=96)
(Figure 20A, B). The roundness coefficient, i.e., the ratio of perpendicular width to length,
reflected the sphericity of virions and was close to 0.92 + 0.06. The closer the sphericity

index is to 1, the more spherical the viral particles are.

3.1.3 TOSV can infect cell types from a broad range of species and tissues

TOSV causes a variety of symptoms in humans, and seroprevalence of TOSV has been
reported in various animal species, including horses, cats, dogs, cattle, goats, bats, and
birds (60, 62, 270-274). This suggested a broad tissue tropism and a wide host range. To
test this, the susceptibility of 19 cell lines representing different cell types from different
species to TOSV infection was determined. Infection was allowed for 18 h and was
assessed in a flow cytometry-based assay after immunostaining with the mouse-derived
antibody directed against all TOSV structural proteins (Table 2). 16 of 19 cell lines were
susceptible to infection, including a wide range of different epithelial cell types of human
and mammalian origin. In addition, all three sand fly-derived cell lines allowed TOSV
infection. The phlebotomine PPL/LULS49, derived from the natural vector of TOSV,
showed higher susceptibility compared to sand fly cell lines derived from Lutzomyia sand
flies (PPL/LULS40 and PPL/LULS45). Cells of the myeloid or lymphoid lineage had low
susceptibility to TOSV infection.
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Figure 20. Structural organization of TOSV particles.

(A) Purified TOSV particles were fixed with paraformaldehyde, vitrified, and analyzed by cryo-EM.
Martin Obr (formerly Florian Schur group, IST Austria) performed the Cryo- EM workflow and
imaging. The right panel shows a representative image of the cryo-electron micrograph of TOSV
particles, and the left panel shows an enlarged view. Scale bar, 50 nm. (B) The membrane-to-
membrane and spike-to-spike diameter of TOSV particles were determined (n=96). The sphericity
was determined by calculating the ratio of minimal to maximal diameter (n=96). The results were
published in (269).

TOSV production by pfu titration unit assay was evaluated in eight TOSV-susceptible cell
lines that are adherent. Plaques appeared after 72 h in seven of the eight cell lines,
suggesting that most TOSV-susceptible cell lines support complete TOSV replication

cycles in which new infectious virions are produced and released (Table 2).

Since TOSV can cause meningoencephalitis in humans, the sensitivity of brain cells to
TOSV infection was tested. Human functional glutamatergic neurons were generated from
human iPS cells by expression of the transcription factor neurogenin-2 in collaboration
with the group of Claudio Acuna in Heidelberg (232). Human induced mature neurons

were then exposed to different MOIs of TOSV for up to 48 h. Infection of the cells was
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Table 2. Susceptibility and permissiveness of different mammalian and sand fly cell lines to
TOSV infection.

Sensitivity to  Production of new

Cell Lines Specie  Tissue TOSV infection? viral particles®
A549 Human Lung epithelial +++ +++
HEK293T Human Embryonic kidney + n.d.
HelLa Human  Cervix epithelial + +++
Huh-7 Human Liver epithelial +++ ++
iPSC-derived neurons  Human  Neurons ++ n.d.
Jurkat Human T lymphoblast - n.d.
Raji Human B lymphocyte + n.d.
SUP-T1RS Human T lymphoblast - n.d.
SH-SY5Y Human Neuroblast +++ n.d.
THP-1 Human Monocyte - n.d.
ugr4 Human  Glial cells ++ n.d.
BHK-21 Hamster Kidney fibroblast +++ +++
DF-1 Chicken  Embryonic fibroblast + ++
L929 Mouse Fibroblast + -
MDCK Dog Kidney epithelial + ++
Vero E6 Monkey  Kidney epithelial +++ ++
LLE/LULS40 Sand fly Embryonic + n.d.
LLE/LULS45 Sand fly  Embryonic + n.d.
PPL/LULS49 Sandfly Larva ++ n.d.

Data were generated by lab rotation student Nina Rolfs in our lab under the supervision of Zina
Uckeley, except for PPL/LULS49 that were analyzed by Qilin Xin, and iPSC-derived neurons,
LLE/LULS40 and LLE/LULSA45 that were assessed by myself. 2Cells were exposed to TOSV for
18 h at MOI 1 and infection was analyzed by flow cytometry after immunostaining against TOSV
structural proteins. Sensitivity to TOSV infection is expressed as the percentage of infected cells
and is given as follows: +++ greater than 30%, ++ between 10% and 30%, + from 1% to 10%, and
— less than 1%. "The production of TOSV was assessed in certain cell lines shown to be sensitive
to TOSV infection. Production of virus was assessed by pfu titration assay after exposition to TOSV
stocks at dilutions of 10 — 108 for 72 h. Diameter of plaques were determined. Level of production
was given according to the size of plaques with +++ greater than 1 mm, ++ between 0.5 and 1 mm,
+ less than 0.5 mm and — no plaques observable. n.d., not determined. The table was published in
(269).

guantified by flow cytometry after immunostaining with the mouse-derived antibody
directed against all TOSV structural proteins. An example of the gating strategy is shown
in Figure 21A. After setting a gate on the cell population and selecting only single cells,

infected cells were detected by an increase in fluorescence due to immunofluorescence
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Figure 21. Characterization of TOSV infection in iPSC-derived neurons and A549 cells.

(A) Induced neurons were generated from human iPSC cells and provided by Alessandra Albertelli
(formerly Claudio Acuna group, Heidelberg University, Germany). Mature, glutamatergic neurons
were exposed to TOSV at MOI 10 for 24 h. Infection was analyzed by flow cytometry after
immunostaining of viral proteins. Representative gating strategy of flow-cytometry workflow is
shown starting with a cell gate in the forward scatter (FSC) and the sideward scatter (SSC) plot.
Single cells were selected based on the FSC-A (area) and FSC-H (height) plots. Infected and
noninfected cells could be distinguished based on their fluorescence intensity after
immunostaining. Gates were set in non-infected samples and applied to infected samples. (B)
iPSC-derived neurons were infected with TOSV at indicated MOIs and infection was monitored

over 48 h using the flow cytometry-based assay described in A. n = 1. (C) A549 cells were exposed
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to TOSV at indicated MOIs up to 24 h. Infection was analyzed by flow cytometry. Data show one
out of three representative experiments in triplicates. (D) Supernatant of A549 cells infected with
TOSV at MOI 2 was collected after indicated time points, and infectivity was determined by pfu
assay on BHK-21 cells. Data show a representative experiment of two in triplicates.
(E) Representative images of pfu titration assay on BHK-21 and A549 cells of semi-purified TOSV

at a dilution of 108, The figure was adapted in a modified version from (269).

staining with the antibody directed against newly synthesized TOSV proteins. Around 70%
of the induced neurons were infected after 48 h at MOI of 10 (Figure 21B). The
percentage of infected cells increased with higher MOI and over time, reaching a plateau
after 16-24 h. This indicates that the fluorescence signal detected in this assay

corresponds to the synthesis of new viral proteins and not to the input virions.

The human lung epithelial cell line A549 was highly susceptible to TOSV infection,
supported a complete viral replication cycle (Table 2). This cell line represents the
advantage to divide every 24 h and is easier to handle in larger quantities compared to the
complex iPSC-derived mature neurons. To evaluate infection kinetics, A549 cells were
infected at different MOls and allowed to infect for up to 24 h. Similar to induced neurons,
the percentage of infected A549 cells increased over time and also when higher MOls
were used for infection (Figure 21C). 57% of A549 cells were infected after 9 h at MOI 3,
which increased to over 90% after 24 h. The supernatant of infected A549 cells was
collected and titrated on BHK-21 cells. An initial increase in viral titers was observed
between 9 and 16 h and reached a plateau between 24-48 h (Figure 21D). Taken
together, this suggests that TOSV completes a round of infection from binding and
internalization to release of newly produced infectious progeny within 9-16 h in A549 cells.
In addition, | also observed plaques on a monolayer of A549 cells infected with TOSV
(Table 2, Figure 21E). The titer of TOSV on A549 cells was similar to that on BHK-21

cells, although the plaques in A549 cells were smaller and more diffuse.

3.1.4 TOSV particles were labeled with fluorescent NHS ester or membrane dyes

To follow the entry steps of TOSV by fluorescence-based techniques, the viral envelope
glycoproteins Gn and Gc were labeled with fluorescent NHS ester dyes. Dyes with
excitation wavelengths of 488 and 647 nm, respectively, were coupled to free lysine
residues of TOSV glycoproteins using an adapted protocol as published by our group for
the labeling of UUKV (267). Labeling conditions for TOSV were set to find a balance

between brightness and loss of infectivity, allowing detection by sensitive imaging and
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Figure 22. Labeled TOSV particles are fluorescent and infectious.

(A) TOSV particles were labeled with the NHS ester dyes ATTO647N and AF488, or the
membrane dye R18. Particles were purified over a linear sucrose gradient by ultracentrifugation.
Banded virus appeared at 40-45% sucrose whereas excessive ATTO647N and AF488 could be
detected on top of the gradient and for R18 at around 50-55% sucrose. (B) ATTO647N-labeled und
unlabeled TOSV were extracted from the gradient and fluorescence of individual viral proteins was
analyzed by fluorography after SDS-PAGE. After imaging, all proteins were visualized by
Coomassie blue staining. (C) Fluorescence of ATTO647N-TOSV particles was analyzed by
confocal microscopy (top panel) and by stimulated emission depletion (STED) microscopy (lower
panel). Imaging was performed by Dr. Susann Kummer (formerly in Hans-Georg Krausslich group,
University Hospital Heidelberg, Germany). Scale bar, 1 um. (D) Infectivity of unlabeled and labeled
TOSV was determined by pfu titration assay on BHK-21 and normalized to N protein amount.

n = 1-3. The figure was adapted from (269).
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flow cytometry-based approaches while maintaining infectivity. After semi-quantification of
glycoprotein concentration using a BSA standard, virus corresponding to approximately
100 pg of glycoproteins was labeled with AF488 and ATTO647N dyes at a glycoprotein to
dye molar ratio of 2:1 and 1:1, respectively. Alternatively, the viral envelope was labeled
with the lipophilic dye R18. A high concentration of R18 in labeled virus membranes leads
to auto-quenching of its own fluorescence. Thus, R18-labeled virus allows the study of
fusion events by measuring an increase in fluorescence signal upon dilution of the dye

after fusion with target cell membranes.

Labeled virus particles were purified by density ultracentrifugation through a 0-60%
sucrose gradient to remove unbound dye. As a control, TOSV was mixed with the solvent
used to prepare the dye stocks (unlabeled TOSV) and purified in parallel of the dye-
labeled virus. ATTO647N- and AF488-labeled TOSV appeared as a fluorescent band at
40-45% sucrose of blue and green color, respectively, whereas unlabeled virus appeared
milky white (Figure 22A). Unbound ATTO647N and AF488 NHS ester dyes were
observed at the top of the gradient, while excessive unbound R18 appeared as a band at
50-55% sucrose concentration. The banded virus was extracted, viral proteins were
separated by SDS-PAGE, and fluorescence of viral proteins was analyzed using an in-gel
fluorescence gel imager followed by Coomassie blue staining, as shown for ATTO647N-
TOSV (Figure 22B). The structural proteins of Gn, Gc, and N could be detected by
Coomassie blue staining in both labeled and unlabeled TOSV. In contrast, only the band
corresponding to the viral envelope proteins Gn and Gc¢ of the ATTO647N-labeled virus
was fluorescent, but not the N protein or any protein of a unlabeled control. This indicates
that the fluorescent labeling of the virus particles was successful and that the particles

were still intact after the labeling process.

I then visualized the fluorescently labeled particles by microscopy. Confocal and super-
resolution stimulated emission depletion (STED) microscopy revealed single spherical
particles (Figure 22C). Spots of varying intensity could indicate partial clustering of 2-3
virions that appear as one spot due to the diffraction limit of confocal microscopy, but
better resolved by STED microscopy. Infectivity normalized to viral protein N quantities,
which reflects the total number of viral particles, infectious or not, revealed that infectivity
of labeled virus was similar to that of unlabeled virus (Figure 22D). This suggests that
fluorescently labeled viral particles are still able to enter cells and complete the viral life

cycle.

ATTO647N-TOSV was then added to A549 cells at MOI 1 and bound to the cell surface

on ice. This allows for synchronized binding of virions without internalization. Fluorescent
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particles bound to the cell surface were imaged by confocal microscopy as bright

fluorescent spots (Figure 23A). Viral particles were visible on the cell surface of the cells

in individual focal planes. Combining all focal planes of the z-stack, the total number of

bound particles per cell was 10.5 £ 8.5 (n = 151) at an MOI of 1. This indicates that most
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Figure 23. Labeled TOSV specifically bind to cells.

(A) ATTO647N-TOSV particles at MOI 1 were bound to A549 cells on ice for 90 min, fixed, and
nuclei were stained with Hoechst. Cells were imaged by confocal microscopy. Left panel shows a
maximum projection of a cell with associated virions (in white) acquired in the 647 nm channel. A
single plane of the same cell is shown on the right side with nuclei border marked in blue dashed
lines. Scale bar, 5 um. (B) AF488-TOSV at indicated MOIs were bound to A549 cells on ice and
washed before the analysis of cell-associated fluorescence by flow cytometry. Histograms of
intensities in the AF488 channel of representative samples are shown. (C) A549 cells were first
exposed to increasing amounts of unlabeled TOSV and SFV for 45 min on ice. Then AF488-TOSV
at a quantity equivalent to 15 nM of viral glycoproteins Gn and Gc¢ was allowed to bind to cells for
another hour. Input viruses were removed, cells were washed, and fluorescence was analyzed by
flow cytometry. Data were normalized to samples without pre-bound unlabeled TOSV or SFV. T-
test with Welch'’s correction was applied at the highest concentration of unlabeled virus. Data show
one out of two representative experiments in duplicates. **, p = 0.0039. The figure was modified
from (269).
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of the bound particles are non-infectious and gives a ratio of infectious to non-infectious
virions inferior to 1:10. Bound fluorescent particles were also detected by flow cytometry.
AF488-TOSV binding to A549 cells was detectable at MOI 3 and the fluorescence signal
increased at higher MOls (Figure 23B).

To assess the specificity of TOSV binding to A549 cells, a competitive binding approach
was performed. Briefly, A549 cells were first exposed to increasing concentrations of
unlabeled TOSV before fluorescent AF488-TOSV was added. As a control, A549 cells
were pre-bound with SFV, an unrelated virus of the Alphavirus genus. Pre-binding of
increasing concentrations of TOSV resulted in a dose-dependent reduction in binding of
fluorescent TOSV, indicating competition for binding to the same receptor and/or
attachment factors (Figure 23C). Conversely, pre-binding of SFV did not affect the level of
AF488-TOSV binding, suggesting binding to alternative receptor(s). Complete inhibition of
binding could not be achieved because the necessary concentration of unlabeled virus
could not be achieved under my experimental conditions. Taken together, these data

demonstrate that TOSV binds to A549 cells in a specific manner.

3.2 TOSV enters cells by acid-activated membrane fusion from late
endosomes

3.2.1 TOSV particles are internalized within 10 min into A549 cells

According to previous reports on phenuivirus entry, virions enter cells by endocytosis and
fuse from endosomal compartments. To follow the viral entry of TOSV, | first analyzed
whether TOSV particles are internalized into cells. A trypan blue-based internalization
assay was performed to distinguish between internalized and surface-bound virions
(Figure 24A). The assay is based on the property of membrane-impermeable trypan blue
to quench green-emitting dyes such as AF488. Thus, the fluorescence of surface-bound
AF488-labeled viruses is quenched, whereas the fluorescence intensity of internalized
particles is not affected by the cell-impermeable trypan blue. Binding of AF488-TOSV to
A549 cells was synchronized on ice, and viral endocytosis was allowed by rapid warming
to 37°C for 30 min before returning to ice. Without warming, AF488-TOSV could be
detected by confocal imaging as single spots bound to the cell surface (Figure 24B).
Fluorescence of viral particles was undetectable upon addition of trypan blue, suggesting
that all particles were surface-bound and none were internalized when samples were kept

on ice. Strikingly, fluorescence of approximately three-quarters of AF488-TOSV was still
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Figure 24. Internalization of TOSV particles into cells.

A) Principle of the trypan blue-based internalization assay. Trypan blue is membrane-impermeable
and can only quench the fluorescence of cell-surface exposed AF488-TOSV but not of internalized
particles. Uptake of particles into cells is triggered by the rapid warming of bound particles to 37°C.
(B) AF488-TOSV at MOI 10 was bound to A549 cells on ice. Input virions were removed, and the
temperature was rapidly shifted to 37°C for 30 min before cells were washed and fixed. For the
0 min time point, cells were washed after binding and left on ice until fixation. Nuclei were stained
with Hoechst, and cells were imaged by confocal microscopy. Trypan blue (0.02%) was added and
the same cell was imaged again. Arrowheads in the 30 min sample indicate fluorescent particles at
the cell surface, which were quenched by adding trypan blue. Single planes of representative
images are shown. Scale bar, 10 um. (C) AF488-TOSV was bound to A549 cells at MOI 10 in
suspension. After binding, the input virus was removed and cells were rapidly shifted to 37°C for
30 min or left on ice. Cells were washed, and fluorescence was analyzed by flow cytometry after
the addition, or not, of trypan blue. RU, relative unit. Data show a representative experiment of
three in triplicates. (D) Internalization of AF488-TOSV was performed as described in (C) for

indicated time periods. Internalization is given as the percentage of the fluorescent signal before
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and after the addition of trypan blue. The fluorescent signal of A549 cells without bound AF488-
TOSV was subtracted as background. n = 3. The figure was adapted from (269)

detectable after warming to 37°C for 30 min and addition of trypan blue. Notably, the
fluorescence of internalized particles appeared less punctate, suggesting that the viral

envelope with labeled glycoproteins had already fused to an intracellular membrane.

To quantitatively assess internalization, | bound AF488-TOSV to A549 cells at a MOI of 10
and used flow cytometry as a readout. Similar to confocal imaging, the fluorescence of
AF488-TOSV was completely quenched by trypan blue if samples were not warmed
before analysis, and the fluorescence intensity of the samples was at the background
level, i.e., of cells without bound virus (Figure 24C). In contrast, after warming to 37°C for
30 min, approximately 80% of the fluorescence signal remained upon addition of trypan
blue. Taken together, the data obtained by both confocal microscopy and flow cytometry

suggest that the majority of viral particles are taken up by the cells within the first 30 min.

In order to determine the kinetics of internalization, | analyzed the rate of internalization,
i.e., the ratio of the signal with and without trypan blue, over time in a flow cytometry-
based approach. The first events of internalization could be detected as early as 2.5 min
and increased with time (Figure 24D). Half-maximal intensity was reached at 9.1 +
2.4 min and plateaued 10-30 min later. Taken together, these data show that TOSV
particles are internalized into A549 cells in a rapid and rather synchronous manner.

3.2.2 TOSV requires vacuolar acidification for infection

To investigate whether the acidic pH in endosomes is required for infection, TOSV was
allowed to infect induced neurons and A549 cells in the presence of inhibitors of
endosomal acidification. Ammonium chloride (NH4Cl) and chloroquine diphosphate are
both weak lysosomotropic bases that neutralize the drop in intraluminal pH in endosomes.
Since my goal was to study the impact of endosomal acidification on virus entry, | limited
the infection to a single round in this series experiments and also in all subsequent
experiments, i.e., to exactly 6 and 8 h in A549 and induced neurons, respectively. For
each cell line, MOls were chosen to achieve approximately 20-30% infection. This range
allows detection of a potential inhibitory or enhancing effect of an interfering agent without
reaching saturation while maintaining a significant detectable signal. TOSV infection in the
presence of NH.4Cl and chloroquine resulted in a dose-dependent reduction of infection in
both induced neurons and A549 cells (Figure 25A, B).
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Figure 25. TOSV infection is sensitive to inhibitors of vacuolar acidification.

(A to D) iPSC-derived neurons (A and C) and A549 cells (B and D) were pretreated with NH4ClI (A
and B), chloroquine (B), bafilomycin Al (C and D), and concanamycin B (D) before the exposure to
TOSV at MOI 10 for 8 h or MOI 2 for 6 h, respectively, in the continuous presence of inhibitors of
endosomal acidification. Infection was analyzed by flow cytometry and normalized to infections

without inhibitor treatment. n = 2-3. The figure was published in (269).

Alternatively, acidification of the vacuolar pH was blocked by bafilomycin Al and
concanamycin B, both of which inhibit the vacuolar-type ATPase from pumping protons
into the lumen of endosomes. Similar to the weak lysosomotropic bases, treatment with
bafilomycin A1 and concanamycin B resulted in a dose-dependent reduction of TOSV
infection in induced neurons and A549 cells (Figure 25C, D). Taken together, these data
indicate that TOSV infection is dependent on vacuolar acidification during entry into
human cells. Of note, all inhibitors used here and later were evaluated for cytotoxicity in a
strain of AbB49 cells overexpressing TMPRSS2 from another lab by a lactate
dehydrogenase release assay (section 3.3.2., Figure 38), which were recently confirmed

to show the same results in my A549 cell line strain (250). Upon cell death and lysis,
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lactate dehydrogenase is released and can be detected in the extracellular medium. All

inhibitors were used at concentrations that were not toxic to the cells (Figure 38).

3.2.3 TOSV traffics through early endosomes and reaches late endosomes

To assess whether TOSV particles are trafficked within endosomes, | used A549 cells that
transiently overexpress a variety of fluorescently tagged proteins that typically reside in
endosomal compartments. A549 cells were transfected with an expression vector
encoding the small GTPase Rabb5a, the master regulator of EE functions, tagged with
monomeric enhanced green fluorescent protein (EGFP). Subsequently, the binding of
ATTO647N-TOSV to cells was synchronized on ice and internalization was allowed for
different time points through warming to 37°C. Confocal microscopy revealed that TOSV
co-localized with EGFP-Rab5-positive vesicles as early as 5 min after heating (Figure
26A). Quantification over time revealed a peak of co-localization events at 5-10 min post-

warming and a decline thereafter (Figure 26B).

TOSV was then tested for co-localization with EGFP-tagged late endosomal markers
Rab7a and LAMP1. Rab7a drives the identity of LEs and LAMPL1 is a heavily glycosylated
membrane protein highly enriched in LEs and lysosomes. TOSV particles were observed
in vesicles positive for EGFP-Rab7 and LAMP1-EGFP, albeit at later time points
compared to Rab5 co-localization (Figure 26C-F). Here, co-localization with both EGFP-
Rab7 and LAMP1-EGFP increased over time and was maximal 40 min after warming.
Notably, some particles were located in the center of vesicles, indicating that they had not
yet fused with the limiting membrane, while some spots localized to the membrane of
vesicles and appeared more fuzzy. Taken together, these data demonstrate that after
internalization, TOSV is sorted into EEs and trafficked along the endosomal pathway to
LEs.

3.2.4 TOSV requires late endosomal maturation for infection of A549 and iPSC-
derived neurons

In order to analyze whether TOSV entry depends on the passage through the EEs, |

examined the TOSV infection in the presence of a constitutively active (CA) mutant of

Rab5 (Rab5 Q79L). The Rab5 GTPase cycles between the active GTP-bound state and

the inactive GDP-bound state. In these two states, Rab5 serves as a master regulator of

EE biogenesis, acting through different Rab effectors. Expression of the Rab5 CA mutant

typically results in enlarged EEs and blockage of cargo trafficking to lysosomes due to
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Figure 26. TOSV enters early endosomes and then late endosomal compartments.

(A) A549 cells were transfected with a plasmid encoding EGFP-tagged Rab5a, and 22 h later,
exposed to ATTO647N-TOSV at MOI 1 for 90 min on ice. Cells were rapidly warmed to 37°C for
5 min to allow internalization. Cells were washed, fixed on ice, and imaged by confocal microscopy.
The large image shows a single plane with TOSV particles (in magenta) and Rab5a (in green).
Arrowhead indicates a co-localization event of ATTO647N-TOSV and Rabb5a-positive vesicle.
Higher magnifications are shown on the right side as a z-stack series indicated by yellow numbers
in the top right corner with the original plane being marked with 0. Representative images are
shown. Scale bar, 5 um. (B) Quantification of co-localization of ATTO647N-TOSV with vesicles

positive for wild-type (WT) Rabb5a or constitutively active mutant Q79L. Internalization of the virus
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was allowed for indicated time periods into transfected cells before fixation and analysis of co-
localization by confocal microscopy. Co-localization is expressed as the percentage of total
particles per cell that are associated with respective vesicles. A minimum of 6 cells were analyzed
per time point. Data shows mean + SEM, n = 1. (C to F) Internalization of ATTO647N-TOSV was
allowed into A549 cells transiently expressing EGFP-tagged late endosomal markers Rab7a and
LAMP1 as described in (A). Representative images are shown 20 min post-warming (C and E). Co-
localization of virus particles with Rab7a and LAMP1 (D and F) was analyzed over time as
described in (B). A minimum of 9 cells were analyzed per condition. Data shows mean + SEM,

n = 1. Scale bar, 5 um. The figure was published in (269).

impaired LE maturation (275). This enlarged EEs morphology after transient expression of
EGFP-tagged Rab5 CA mutant in A549 cells was also observed here (Figure 27A).
Furthermore, co-localization events between ATTO647N-TOSV and Rab5 CA mutant
were visualized by confocal microscopy. Co-localization started after 2 min of warming
and reached a maximum after 20 min (Figure 26B). In contrast to Rab WT, which showed
a decrease in co-localization after 10 min, co-localization with the CA mutant of Rab5
decreased after 20 min, suggesting an impairment of LEs maturation and cargo transport
to LEs and lysosomes. In addition, cells with similar EGFP-Rab5 expression levels were
evaluated for TOSV infection by flow cytometry. TOSV infection was impaired by 80% by
Rab5 CA expression (Figure 27B). Expression of an EGFP-tagged dominant-negative
mutant of Rab5 (S34N) also reduced TOSV by more than 60%. This mutant abolishes
newly formed EEs. This suggests that TOSV traffics within EEs and requires functional
compartments downstream of EEs to enter host cells.

To test whether TOSV relies on transit through LEs, the organelle downstream of EEs, |
took advantage of Rab7 GTPase mutants. Rab7 is a key player in LE identity and
orchestration of its functions (276). Infection with TOSV was impaired by 80% when a
dominant negative mutant of Rab7 (T22N) was transiently expressed in A549 cells
(Figure 27C). In contrast, expressing a constitutively active Rab7 mutant (Q67L) did not
affect TOSV infection and resulted in infection levels similar to those observed with Rab7
WT.

To further investigate the importance of LE maturation in TOSV infection, | examined the
role of functional microtubules (MT). The sorting of cargo in EEs to LEs and the transport
of endosomes to the perinuclear region have been shown to be mediated along MT in
several cell types. Furthermore, MT and its motors are central to the orchestration of the
fusion of LEs with other LEs and lysosomes. Thus, disruption of MT results in impaired
maturation of LEs and prevents cargo from reaching compartments with a pH low enough

to induce fusion (89). Here, treating induced neurons and A549 cells with the MT-
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destabilizing drugs nocodazole and colcemid inhibited TOSV infection by 40-60% (Figure
28A, B). In contrast, MT stabilization by taxol treatment had no effect on TOSV infection in
A549 cells (Figure 28C).
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Figure 27. TOSV relies on transfer to functional late endosomes for infection.

(A) ATTO647N-TOSV was allowed to enter A549 cells transiently expressing the EGFP-tagged
constitutively active Rab5a mutant Q79L as described in Figure 26. Internalization was allowed for
20 min and a white arrowhead illustrates a co-localization event between ATTO647N-TOSV (in
magenta) and Rab5a Q79L (in green). A representative image is shown. Scale bar, 5 um. (B) A549
cells were transfected with an expression vector coding for EGFP-tagged Rab5a WT, the
constitutively active Q79L or dominant-negative S34N mutant. Transfected cells were exposed to
TOSV at MOI 4 for 6 h. Infection was analyzed by flow cytometry in cell populations with similar
expression levels of EGFP-tagged Rab5a. Infection was normalized to Rab5a WT. Data show one
out of three representative experiments in triplicates. (C) A549 cells transiently expressing EGFP-
tagged Rab7a wild-type (WT), the constitutively active Q67L, or the dominant-negative T22N were
challenged with TOSV at MOI 4 for 6 h. Infection was analyzed by flow cytometry as described in
(B). Data were normalized to infection in Rab7a WT-expressing cells. Data show a representative

experiment of three in triplicates. The figure was adapted from (269).
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Furthermore, sorting of cargo in EEs to LEs is mediated by the ESCRT machinery, where
ubiquitin serves as a sorting signal. Disruption of ubiquitin-dependent endosomal sorting
by treatment of induced neurons and A549 cells with MG-132 resulted in a dose-
dependent reduction of infection (Figure 28D). Collectively, these data demonstrate that
TOSV requires trafficking to functional LEs for productive infection and suggest that TOSV
isaL-PV.
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Figure 28. TOSV depends on late endosome maturation for infection.

(A to D) iPSC-derived neurons and A549 cells were pretreated with nocodazole (A), colcemid (B),
taxol (C), or MG-132 (D) before being exposed to TOSV. TOSV infection was allowed at MOI 10 for
8 h or MOI 2 for 6 h in induced neurons and A549 cells, respectively. Infection was analyzed by
flow cytometry and normalized to samples without inhibitor treatment. n = 2-3. The figure was

adapted from (269).

3.2.5 TOSV penetrates host cells by acid-activated membrane fusion

The observation that TOSV relies on vacuolar acidification and transport to functional LEs
led me to hypothesize that TOSV requires low pH for acid-activated membrane fusion. To
further test this possibility, fusion of TOSV directly with the plasma membrane was
attempted by lowering the pH of surface-bound virions in a bypass assay (Figure 29A).
Briefly, TOSV binding to A549 cells was synchronized on ice prior to a rapid temperature
shift to 37°C for 90 sec in buffers of varying pH ranging from pH 7.4 - 5.0, representing the
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acidification that occurs during endosomal trafficking. After extensive washing, NH4Cl,
which neutralizes endosomal acidification, was added to the medium to block endosomal
entry and to record only infection events resulting from fusion at the plasma membrane.
No infection was detected when a pH 7.4 buffer was added to induce TOSV fusion at the
plasma membrane (Figure 29B). In sharp contrast, infection was high when a pH 5.0
buffer was added. Infection began to increase at pH 5.8 and increased rapidly until a
plateau was reached at pH 5.5 and below. Half-maximal infection was recorded at pH 5.6.

This suggests that lowering the pH is sufficient to induce TOSV fusion.

To determine when viral particles penetrate host cells by acid-activated membrane fusion,
TOSV was bound to the surface of A549 cells and induced neurons on ice before the
temperature was rapidly shifted to 37°C to allow internalization. NH4Cl was added to the
medium at different time points to block TOSV internalization. | exploited the fact that
NH4Cl acts almost immediately and raises endosomal pH (277). When added directly after
shifting the cells to 37°C, no infection was observed in either A549 cells or induced
neurons (Figure 29C, D). In A549 cells, infection began to occur after 5 min post-warming
and increased over time, reaching a plateau after 40-60 min. Half of the particles passed
the acidification-dependent step, i.e., penetrated the host cells, within the first 15 min after
warming to 37°C. TOSV penetration into induced neurons was rather asynchronous, and
infection increased steadily over time. This may be due to a higher degree of spatial
compartmentalization (278) with longer distances to traffic in the neuronal endosomal

system, as well as the heterogeneity of cell preparations typical of induced neurons.

This penetration kinetics is consistent with penetration occurring in late endosomes. To
pursue this hypothesis, | exploited the temperature dependence of LE formation. While
endocytosis and LE formation occur at temperatures above 16°C, maturation transport of
cargo to LEs is blocked at temperatures below 21°C (100). To address this
experimentally, TOSV binding was synchronized on ice before A549 cells were shifted to
different temperatures for 50 min. The temperature was then raised to 37°C and NH.CI
containing medium was added to block further penetration. No infection could be
observed at temperatures of 21°C and below, suggesting that such low temperatures do
not allow TOSV penetration into host cells (Figure 29E). In addition, TOSV infection was
compromised at 30°C and 25°C by 40 and 85%, respectively. As a control, SFV was
used, which already penetrates host cells in EEs and does not rely on LE formation (279).
Unlike TOSV, SFV infection was unaffected at 30°C compared to 37°C. In addition, SFV
infection could still be detected at 21°C and 16°C. This further suggests reinforced the
view that TOSV is a L-PV.
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Figure 29. TOSV fusion occurs at an optimal pH of 5.5 and penetration is completed within
50 min in A549 cells.

(A) Schematic representation of the endocytic bypass experiment to assess fusion of TOSV. (B)
TOSV is bound to A549 cells on ice at MOI 10 before buffers at indicated pH were added for
90 sec at 37°C. Cells were washed and incubated for 7 h at 37°C in presence of 50 mM NH4ClI to
block penetration from endosomes. Infection was quantified by flow cytometry and normalized to
that induced by the addition of pH 5.0 buffer. n = 2-4. (C and D) TOSV was bound to A549 cells (C)
or iPSC-derived neurons (D) on ice at MOI of 1 and 15, respectively. Cells were then rapidly shifted
to 37°C and NH4Cl (50 mM) was added at indicated time points. Infection was stopped after 6 h

(A549) or 8 h (induced neurons) after the warm shift and analyzed by flow cytometry. Data were
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normalized to infection after 80 min (A549) or 90 min (induced neurons) NH4Cl addition time. N = 2-
3. (E) TOSV and SFV were bound to A549 cells on ice at MOl 1 and 150, respectively.
Temperatures were then shifted to indicated temperatures for 50 min before NH4Cl was added to
block further penetration. Samples were incubated for further 7 h at 37°C, and infection was
analyzed by flow cytometry. Infection was normalized to samples incubated throughout at 37°C.
Data are representative of one experiment in triplicate out of two. (F) TOSV was bound to A549
cells on ice for 90 min before a buffer at pH 5 was added at indicated temperatures for 90 sec.
Afterward, cells were extensively washed and incubated for 7 h at 37°C in a complete medium
supplemented with 50 mM NH4Cl to block further penetration. Infection was analyzed by flow
cytometry and normalized to sample treated at 37°C. Data show a representative experiment out of

two in triplicates. The figure was modified from (269).

To rule out that the fusion process itself is the limiting factor of infection at temperatures
below 21°C, | used the bypass assay described above and forced fusion of TOSV directly
at the plasma membrane at pH 5 at different temperatures. At 30°C, the level of
penetration from endosomes is similar to that of forced fusion from the plasma membrane
at pH 5, indicating that fusion is the bottleneck of infection at 30°C (Figure 29F).
Conversely, at 25°C, fusion was impaired by 60% while penetration was inhibited by
nearly 90%. At 21°C, fusion was still happening, although reduced by 90%, while
endosomal penetration was completely abolished. This suggests that at 21°C, fusion is

not the bottleneck of infection, but the block in infection is due to impaired LE formation.

So far, most fusion assays have relied on immunofluorescent staining of newly
synthesized viral proteins. To directly monitor fusion events, | established a fluorescent
lipid-mixing assay using the auto-quenching lipophilic dye R18. Particles with high
concentrations of R18 incorporated into viral membranes showed a low level of
fluorescence that increased upon dilution of the dye, i.e., upon fusion with a target cell
membrane (Figure 30A). Changes in fluorescence intensity were measured in a time-
resolved manner using a spectrofluorometer. Disruption of the viral membrane by the
detergent triton X-100 resulted in an approximately nine-fold increase in fluorescence
(Figure 30B). This indicated that the fluorescence in the viral particles was auto-

guenched, while the infectivity was still close to that of unlabeled virus (Figure 22D).

| then investigated whether R18-labeled TOSV could enter and penetrate host cells from
late endosomal compartments as unlabeled virus. R18-TOSV was bound to A549 cells in
suspension on ice, and virus internalization was allowed by a rapid shift to 37°C within the
spectrofluorometer. Fluorescence intensity increased over time, reaching a 2-4-fold

increase after 90 min compared to baseline (Figure 29C). As a control, the
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Figure 30. Penetration and fusion dynamics of TOSV can be assessed by R18-based lipid-
mixing fusion assays.

(A) Scheme of R18-based lipid-mixing fusion assay. Fluorescence of R18-TOSV particles is
autoquenched. Upon fusion with a target cell membrane, R18 is diluted in the membrane resulting
in an increase in fluorescence. (B) The fluorescence increase of R18-TOSV was evaluated in a
cell-free dequenching assay. Fluorescence emission was measured in a spectrofluorometer before
and after the addition of triton X-100 to disrupt viral membranes. n = 1. RU, relative unit. (C) R18-
TOSV was bound to A549 cells at MOI 10 on ice for 90 min. After washing, cells were resuspended
in a prewarmed complete medium to allow internalization, and fluorescence emission was
measured inside a spectrofluorometer at 37°C for 90 min. NH4Cl was used as a control to block
fusion with endosomal membranes and to determine the background signal due to the natural flip-
flop of the dye between nearby membranes. The fluorescent background (grey line) was subtracted
from the inhibitor-untreated sample (black curve) to obtain the fusion-specific kinetic (shown in red).

Representative curves are shown. RU, relative unit. (D) To determine the efficiency of fusion from
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endosomes, an assay was performed as described in (C) but triton X-100 was added after
incubation for 90 min at 37°C. Triton X-100 disrupts all membranes resulting in full dequenching of
all bound R18-TOSV particles. Data shows fluorescence after 90 min at 37°C normalized to
fluorescence after the addition of triton X-100. Data were obtained by lab rotation student Lea
Woltereck under my supervision. (E) R18-TOSV was bound to A549 cells on ice at MOI 10.
Infected cells were then transferred into a spectrofluorometer, and the temperature was rapidly
shifted to 37°C. The fluorescence signal was recorded for 550 sec. After 30 sec, a pre-defined
volume of pH buffers was added reaching pH 5.0 or 7.4 in the cell suspension (indicated by ‘+ pH’).
Data were normalized to input virions, i.e., timepoint 0 sec. Background fluorescence obtained at
pH 7.4 (grey curve) due to free diffusion of R18 was subtracted from the values obtained at pH 5
(black curve) to determine the fusion-specific kinetic (red curve). Representative curves are shown.
RU, relative unit. (F) R18-TOSV was bound to A549 cells and buffers in the range of 5.0 to 5.8
were added at time point 0 as described in (E). Data were normalized to time point 0, and
background fluorescence at pH 7.4 was subtracted. Representative curves are shown. RU, relative
unit. (G) The kinetics of half-maximal intensities (t12) were determined from curves shown in (F).
n = 3-9. The figure was adapted from (269).

penetration of R18-TOSV was blocked by NH4CIl. The increase in fluorescence was
significantly reduced, although not completely eliminated, compared to the sample without
NH4Cl. This nonspecific, slight increase in fluorescence could be due to spontaneous
translocation of R18 from the viral to a cellular membrane or flip-flop of the lipid dye
between the two leaflets of the viral membrane. Subtraction of the nonspecific
fluorescence increase resulted in a fusion-specific curve that began to increase after a lag
time of 6 min, reached half-maximal intensity at 18.2 + 2.3 min, and plateaued at 40-
50 min. When triton X-100 was added after 90 min at 37°C to disrupt all membranes and
release the maximum fluorescence of R18-TOSV, the fluorescence continued to increase.
Approximately 60% of the full signal was reached after allowing R18-TOSV to enter the
cells for 90 min (Figure 30D). This indicates that approximately 60% of all surface-bound
particles have fused with a cellular membrane. These penetration kinetics data obtained
from lipid mixing assays with R18-TOSV were very similar to those obtained from the
NH4Cl addition time course in A549 cells (Figure 29C). This demonstrates that R18-
labeled TOSV has the same penetration kinetics as unlabeled virus and can be used in
further approaches to assess viral fusion. Although it is not possible to distinguish
between hemi-fusion and complete fusion pore formation in R18-based assays, it serves

as a good correlate of fusion.

To determine the dynamics of the fusion process itself, | aimed to bind R18-TOSV to A549
cells and force fusion with the plasma membrane by lowering the pH to 5.0, as previously

described in the bypass assay. Here, the increase in fluorescence due to fusion of the
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virus with the plasma membrane was measured in real time in a spectrofluorometer.
Briefly, R18-TOSV bound to A549 cells was rapidly warmed to 37°C and buffers of
different pH were added after 30 seconds. Fluorescence increased rapidly upon addition
of a pH 5 buffer, reaching half-maximal intensity after 27 + 16 sec and a plateau
approximately 90 sec later (Figure 30E). In stark contrast, there was only a marginal

change in fluorescence when the pH was maintained at 7.4 throughout the measurement.

As a next step, | wanted to study the dynamics of TOSV fusion in the range of pH 5.0 - 5.8
in real time using the R18 approach. Buffers at these pH values have previously been
shown to force TOSV fusion at the plasma membrane of A549 cells to varying degrees
(Figure 29B). Viral fusion could be detected at pH 5.8 and below, with fusion occurring
more rapidly at lower pH (Figure 30F). While fusion at pH 5.0, 5.3, and 5.5 occurred at
comparable rates with half-maximal kinetics (ti2) of 27, 34, and 57 sec, respectively,
fusion at pH 5.8 was slower, reaching its ty, after 164 sec (Figure 30G). This suggests
that TOSV can also achieve fusion at higher pH, although it requires longer exposure

times.

3.2.6 TOSVis notinactivated by exposure to pHs below its fusion threshold

Phenuiviral Gc has a class-Il viral fusion protein fold. It has been described that the
conformational change from pre- to post-fusion conformation of class-Il fusion proteins is
triggered by low pH, is irreversible, and the proteins can only act once (105). To test
whether the fusion process of TOSV is an irreversible step, | investigated whether
exposure of viral particles to low pH in the absence of a target membrane would lead to
virus inactivation. In such an assay, conformational rearrangement to the post-fusion
conformation would be induced upon exposure to the optimal low pH. If this process is
irreversible, it would render the particles noninfectious. To test this, viral particles were
pretreated in pH buffers ranging from pH 5.0 - 7.4 for 5 min at 37°C, re-neutralized to pH
7.4, and added to cells. Surprisingly, infection of A549 cells was not reduced when viral
particles were pretreated at low pH (Figure 31A). Pretreatment at pH 5.5 and 5.0 resulted
in similar infection rates compared to neutral pH pretreatment. Interestingly, pretreatment
at mildly acidic pH 6.5 and 6.0 caused an approximately 1.8-fold increase in infection

compared to pretreatment at pH 7.4.

To determine whether resistance to low pH pretreatment is unique to TOSV or can be
extended to other viruses, | analyzed a variety of related and unrelated viruses harboring
class-ll and class-I viral fusion proteins. RVFV and GERV, both members of the order
Bunyavirales, as TOSV, have been shown (142, 143) or predicted by our lab to have a
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class-Il fusion protein (unpublished data). In addition, the alphavirus SFV, another class-II
fusion protein, and the influenza A virus (IAV), which carries a class-I fusion protein, both
unrelated to TOSV, were used as controls. While SFV has previously been shown to enter
host cells from EEs and has an optimal pH of 6.2, RVFV, GERV, and IAV are late
penetrating viruses and fuse at pHs below 6.0 (120, 250, 256, 280). Infection conditions
were established for all viruses and their respective cell lines prior to evaluating their
inactivation by low pH pretreatment. RVFV, like TOSV, belongs to the Phlebovirus genus,
but is transmitted by mosquitoes instead of sand flies. Here, an RVFV construct was used
in which NSs, a nonstructural protein and virulence factor, was replaced by EGFP
(RVFVANSs:EGFP). RVFV particles were pretreated with pH buffers and infected using a
protocol similar to TOSV. Similar to TOSV, pretreatment of RVFVANSs:EGFP with low pH
did not negatively affect infectivity in A549 cells (Figure 31B). Again, pretreatment with
mildly acidic pH in the range of pH 6.0 - 6.5 further enhanced infection. GERV belongs to
the Orthobunyavirus genus, a genus from a different family than Phenuiviridae in the large
order of Bunyavirales. Similar to TOSV and RVFV, pretreatment of GERV was not
affected by low pH pretreatment (Figure 31C). Strikingly, the lower the pH pretreatment,
the higher the infectivity of GERV in A549 cells.

In contrast, pH pretreatment of two unrelated viruses, SFV and IAV, resulted in a
significant decrease in their infectivity in BHK-21 and A549 cells, respectively (Figure 31D
— F). Infectivity decreased gradually with decreasing pH pretreatment. Compared to
neutral pH, more than 97% of SFV and 93% of IAV particles were inactivated at pH 5.5
and pH 5.0, respectively. To evaluate whether this marked reduction in SFV infectivity was
due to the use of BHK-21 cells instead of A549 cells, infection conditions for TOSV were
established in the two mammalian cell lines BHK-21 and Vero. Pretreatment of TOSV and
infection also resulted in a drop in infectivity with decreasing pH (Figure 31E). Although
the infectivity of TOSV was reduced, 20% of the virions were still infectious at pH 5.5,
which is significantly higher than the remaining barely 3% of SFV particles after pH 5.5
pretreatment. Infection of Vero cells with pH pretreated TOSV resulted in a similar pattern
compared to TOSV infection of BHK-21 cells. This suggests that the resistance to low pH
pretreatment can be extended to other bunyaviruses, but does not appear to be shared

with viruses outside the viral order.

To examine which step in the viral entry process is favored by low pH pretreatment, | first
analyzed binding to host cells. ATTO647N-TOSV was pretreated at different pHs, re-
neutralized and bound to A549, BHK-21 and Vero cells on ice prior to confocal
microscopy imaging. Approximately 10-15 TOSV particles were bound per cell after
pretreatment at neutral pH (Figure 32A, B). While pretreatment at mildly acidic pH
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Figure 31. Low pH pretreatment does not inactivate TOSV and other bunyaviruses.

(A) TOSV was pretreated at indicated pH for 5 min at 37°C, reversed to pH 7.4, and added to A549
cells at MOI 2. Infection was allowed for 6 h at 37°C and quantified by flow cytometry. Data were
normalized to samples kept at pH 7.4 during pretreatment. T-test with Welch’s correction was
applied. n = 5, p values: pH 6.5 vs. 7.4, *** p <0.0001; pH 6.0 vs. 7.4, *** p <0.0001; pH 5.5 vs.
7.4, ** p = 0.0025; pH 5.0 vs. 7.4, ns, p = 0.1001. Data were obtained jointly by my lab rotation
student Alicia Rosenberger and myself. ns, not significant. (B to F) Rift Valley fever virus (RVFV)
coding enhanced green fluorescent protein (RVFVANSs:EGFP; B), Germiston virus (GERV; C),
Semliki Forest virus (SFV; D and E), and influenza A virus (IAV; F) were pretreated at low pH as
described in (A). RVFVANSs:EGFP, GERV, and IAV were added to A549 cells at MOls 0.4, 5, and
0.1, respectively. BHK-21 cells were exposed to SFV at MOI 0.05 and to TOSV at MOI 0.8 while
TOSV was added to Vero E6 cells at MOI 0.8. Infection was allowed for 8 h at 37°C. Data in (B and

C) were obtained jointly by my lab rotation student Alicia Rosenberger and myself. Data in (F) were
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obtained by my lab rotation student Aiste Kudulyte under my supervision. IAV was kindly provided
by Vera Sonntag-Buck (Hans-Georg Krausslich group, University Hospital Heidelberg, Germany).

n = 2-5. The figure is a modified version published in (269).

increased viral binding to ~20 particles per cell, pretreatment at more acidic pH of 5.5 and
below resulted in decreased binding compared to neutral pH. This indicated that
increased infection in A549 cells after pretreatment at pH 6.5 and 6.0 could be explained
by increased binding. However, reduced binding at pH 5.5 pretreatment could not explain
the higher infection in A549 cells. Calculating the ratio of infectious to bound virus
revealed differences between A549 and BHK-21 and Vero cells. While the
infectious/bound ratio decreased with lowering the pH in Vero and BHK-21 cells, the ratio
remained stable between pH 7.4 and 6.0 and increased rapidly at pH 5.5 and 5.0 in A549
cells (Figure 32C). Notably, no difference in fluorescence intensity of ATTO647N-TOSV
particles was observed, suggesting that the ATTO647N dye is pH stable.

Since increased infection after low pH pretreatment cannot be explained solely by its
effect on binding, | then investigated whether the fusion process itself is affected. R18-
TOSV was pretreated at mildly acidic pH 6 and bound to the surface of A549 cells under
neutral conditions. Fusion of the viral membrane with the plasma membrane was then
forced by the addition of a pH 5.8 buffer, a pH range previously shown to be capable of
inducing fusion, albeit with slow kinetics (Figure 30F). Pretreatment at pH 6.0 resulted in
significantly faster fusion at pH 5.8 compared to pretreatment at neutral pH (Figure 32D,
E). With pH 6 pretreatment, the ti» decreased from 169 to 62 sec, which is in a similar
range to fusion at pH 5.5 without pretreatment (Figure 30F, G). This suggests that
prolonged exposure to the mildly acidic pH present in EEs may prime TOSV and result in

faster fusion.

3.2.7 TOSV remains infectious in the endocytic machinery for long periods

Since TOSV shows a high degree of stability to acidity and seems to be able to fuse at a
variety of pH values, | hypothesized that TOSV would be less susceptible to inactivation in
the endocytic machinery. To test how long TOSYV is still able to enter cells, | reversed the
approach of adding NH4Cl. This approach is based on the fact that NH4Cl effect is
reversible almost instantaneously. TOSV was bound to A549 cells on ice and endocytosis
was allowed by a rapid shift to 37°C in the presence of NH4CIl. The weak base was then
washed out after different periods of time and infection of A549 cells was evaluated by

flow cytometry after immunofluorescence staining for viral proteins. Approximately 60% of
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Figure 32. TOSV shows higher binding at faster fusion when pretreated at pH 6.0.

(A) ATTO647N-TOSV was pretreated at different pH as described in Figure 31A before allowed to
bind to A549 cells at MOI 1 on ice for 90 min. Cells were washed and fixed, and nuclei were
stained with Hoechst before cells imaging by confocal microscopy. Nuclei are shown in blue and
ATTO647N-TOSV particles in white. Scale bar, 10 pm. (B) Quantification of binding assay of pH
pretreated ATTO647N-TOSV to A549, Vero, and BHK-21 cells as described in (A). A minimum of
124 cells were analyzed per condition. (C) The ratio of infectious-to-bound TOSV particles in A549,
Vero, and BHK-21 cells was calculated for each pH from data obtained in B and Figures 31A, and
31E. (D) R18-TOSV was pretreated at pH 6.0 and 7.4 as described in Figure 31A before being
bound to A549 cells at MOI 10 on ice for 90 min. Cells were then rapidly warmed to 37°C within a
spectrofluorometer, and the fluorescence signal was measured over 550 sec. Virus fusion was
assessed by adding a pH 5.8 buffer after 30 sec (indicated by ‘+ pH’). Data were normalized to
time point 0. Representative curves are shown. RU, relative unit. (E) Quantification of fusion

kinetics of R18-TOSV pretreated at pH 6.0 and 7.4. The half-maximal intensities (ti2) were
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calculated from the data shown in (D). n = 3. T-test with Welch’s correction was applied. *, p =
0.0119. The figure was adapted from (269).

TOSV particles lost infectivity when incubated in the endocytic machinery without
penetration (Figure 33). Thereafter, infectivity declined at a slower rate. Approximately
20% of the particles could still be acid-activated after 80 min in endosomes. This suggests
that TOSV infectivity remains high even when the virus remained blocked in the

degradative branch of the endocytic machinery for long periods of time.

Figure 33. TOSV remains acid-activable in endosomal

P iig: environment for long periods.

85 TOSV was bound to A549 cells at MOI 1 for 90 min on

% ‘g 807 ice before the temperature was rapidly shifted to 37°C in

% f_c; iz: the presence of NH4Cl (50 mM). NH4Cl was washed out

E > 00— after indicated time periods to allow acid-activated

= 0 penetration. Infection was stopped 6 h after warming and
0 | 2|0 | 4|0 | 6|0 | 8|0 analyzed by flow cytometry. Infection was normalized to
NH,CI removal time [min] those samples where NH4Cl was removed directly at time

point 0. n = 3. The figure was published in (269).

Taken together, these data demonstrate that TOSV enters host cells by acid-activated
membrane fusion. TOSV traffics along the endosomal pathway until it reaches the low pH
of late endosomal compartments, from which it enters host cells. In the process, TOSV
displays remarkable resistance and adaptability to environments with acidic pHs. This
feature of reversibility during the fusion process appeared to be share with other

bunyaviruses and unique to this virus order.

3.3 SARS-CoV-2 enters host cells via acid-dependent and acid-
independent entry pathways

3.3.1 Characterization of the SARS-CoV-2 life cycle in Caco-2 and Vero cells

This work was done in collaboration with the group of Steeve Boulant (formerly at CIID
Heidelberg, now at the University of Florida). | worked on this project jointly with Zina
Uckeley, a PhD student in my lab. We published this project together as shared first
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authors in the EMBO Journal (264). First, large quantities of SARS-CoV-2 stocks were
produced in Vero cells. Vero cells at about 80% confluency were infected at MOI 0.1 with
a passage-2 SARS-CoV-2 stock (BavPatl) kindly provided by Prof. Bartenschlager. The
BavPatl strain was isolated from a patient and corresponds to the original Wuhan strain
(254). The virus was harvested after 72 h, when a CPE of about 50% was observed.
SARS-CoV-2 was then titrated on Vero cells using a TCID50 assay. Briefly, cells were
infected with 10-fold dilutions of SARS-CoV-2 stock in a 96-well plate format. After 24 h,
cells were fixed and stained for the viral nucleoprotein NP. Typically, SARS-CoV-2 was

able to establish infection in Vero cells after a dilution of 102 - 10 of the original stock.

Prior to studying cell entry, several cell lines of human and mammalian origin were tested
for SARS-CoV-2 susceptibility and permissiveness. Cells were infected with authentic
SARS-CoV-2 at various dilutions for 24 h in a TCID50 assay prior to fixation and
immunofluorescence staining for the viral NP protein. Infection was detected in the cell
lines Calu-3, derived from human lung, Caco-2, which originates from human colon, and
Vero E6, which are African green monkey kidney epithelial cells (Figure 34). Infection
could be detected in Caco-2 and Vero cells at dilutions up to 10-4, while infection could be
established in Calu-3 cells up to a 10 dilution. In contrast, no infection could be detected
in HelLa cells with or without expression of the C-type lectin DC-SIGN, a known
receptor/co-receptor of many enveloped viruses including SARS-CoV (281). In addition,
SARS-CoV-2 was unable to establish infection in either the human lung epithelial A549
cells or the human embryonic kidney HEK293T cells.
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Therefore, Caco-2 and Vero cells were used to characterize SARS-CoV-2 infection in
terms of virus replication and production. SARS-CoV-2 infection was analyzed in a flow
cytometry-based assay after immunofluorescence staining for viral NP protein. Infection
with SARS-CoV-2 at MOI 0.1 resulted in a steady increase in mean fluorescence and
percentage of infected cells over time (Figure 35A, B). This suggests that the increase in
fluorescence signal corresponds to newly synthesized viral NP protein during infection
and not to input virions. Infection of Caco-2 cells began to increase more rapidly, reaching
approximately 20-25% of infected cells after 8 h and reaching a plateau after 16 h. In
contrast, it took longer to establish SARS-CoV-2 infection in Vero cells. After 8 h and MOI
0.1, only about 2% of the cells produced NP protein. Only after 24 h, infection increased

steadily over time to reach more than 70% of total cells.

Next, | investigated whether SARS-CoV-2 was able to complete a full cycle in Vero and
Caco-2 cells. To this end, cells were infected at MOI 0.1, the supernatant was collected
after various time periods and titrated on Vero cells to assess the release of de novo
produced infectious particles. Infectious particles were found to be released within the first
12 h of infection (Figure 35C). While the initial increase was observed between 8 h and
12 h in Vero cells, it appeared to be more rapid in Caco-2, where an increase was
recorded between 4 and 8 h. In both cell lines, a plateau was reached after 16 h. At all
time points, the release of infectious SARS-CoV-2 particles appeared to be higher in
Caco-2 cells compared to Vero cells. Taken together, these data show that SARS-CoV-2
can complete its full cycle in both Caco-2 and Vero cells. The viral replication and virus
production were somewhat increased and faster in Caco-2 cells. In all of the following
assays, | have limited the infection to 8 h to restrict it to a single cycle of viral entry, as this
is the focus of my study. In addition, the MOIs for each cell line were chosen such that
infection was in the range of 20-30% of total cells. This range allows the detection of

possible inhibitory or enhancing effects of a perturbant.

3.3.2 Cell lines exhibit different expression of cellular proteases involved in SARS-
CoV-2 entry

Several host proteases have been proposed to play a role in priming and activating the

spike protein by cleaving at specific sites. Prior to my study, the most prominent proteases

were TMPRSS2, cathepsin L, and furin. Furin cleavage seems to occur mainly in

producing cells, whereas TMPRSS2 and cathepsin L act in target cells. To test the role of

TMPRSS2 and cathepsin L during SARS-CoV-2 entry into target cells, | analyzed the

expression of the two proteases in four different cell lines, namely Vero, Caco-2, Calu-3,
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Figure 35. Quantification of SARS-CoV-2 infection.

(A) Vero and Caco-2 cells were exposed to SARS-CoV-2 at MOI 0.1, and infection was stopped
after 8 and 24 h. Infection was analyzed in a flow cytometry-based assay after immunostaining of
viral NP protein. Gate for NP-positive cells was set in samples not exposed to the virus and applied
to infected samples. Representative plots are shown. SSC, sideward scatter. (B) Vero and Caco-2
cells were infected with SARS-CoV-2 at MOI 0.1, and infection was monitored over 24 h in a flow
cytometry-based infection assay as described in (A). Data show one of 2-3 representative
experiments in triplicates. (C) The supernatants of infected cells were collected from time course in
(B) and assessed for de novo production of SARS-CoV-2 particles in a TCIDsp assay in duplicates
on Vero cells. Data shows one representative experiment out of 2-3. The seeding of Caco-2 cells
was performed by Patricio Doldan. All data collection was done jointly with Zina Uckeley. The figure

was published in a modified version in (264).

and A549 cells. A549 cells genetically engineered to stably overexpress the SARS-CoV-2
receptor ACE2 (hereafter referred to as ‘A549*) were kindly provided by Prof.
Bartenschlager. Expression of ACE2 was shown to render A549 cells susceptible to
SARS-CoV-2 infection (223). Cathepsin L expression was detected in all four cell lines
with different extents as analyzed by SDS-PAGE and western blotting (Figure 36A).
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Bands corresponding to pro-cathepsin L at 35-38 kDa were prominent in A549*, Caco-2,
and Calu-3, whereas a band at around 28 kDa was predominant in Vero cells. This shows
that versions of cathepsin L are expressed in all four cell lines. However, the conversion of
pro-cathepsin L to cathepsin L is particularly strong in Vero cells. High levels of TMPRSS2
expression were detected in Calu-3 cells (Figure 36B). TMPRSS2 was also expressed to
a lesser extent in Caco-2, while no expression was detected in Vero and A549* cells. In
Caco-2, TMPRSS2 was observed as two bands. The lower band at 42 kDa may represent
a cleaved version as observed in other cell lines (282). Taken together, this indicates that
cathepsin L versions are expressed in all four cell lines, whereas only Caco-2 and Calu-3
cells express TMPRSS2 at detectable levels. From now on | distinguished between
TMPRSS2-positive (+) cells, i.e., Caco-2 and Calu-3, and TMPRSS-negative (-) cells,
namely Vero and A549*.
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Figure 36. SARS-CoV-2 permissive cell lines have different expression levels of the host cell
proteases TMPRSS2 and cathepsin L.

(A and B) Lysates of Vero, A549-ACE2 (=A549%*), Caco-2, and Calu-3 cells were subjected to SDS-
PAGE under reducing (A) or nonreducing conditions (B) followed by western blotting against
cathepsin L (A) and TMPRSS2 (B). TMPRSS2 expression levels are indicated as percentages of
Calu-3 cells normalized to the loading control EF2. *1 indicates pro-cathepsin L (A) and TMPRSS2
(B) while *2 shows cathepsin L (A) and a cleaved form of TMPRSS2 (B). EF2, elongation factor 2.

Data were jointly collected with Zina Uckeley. The figure was published in (264).

To evaluate the role of TMPRSS2 and cathepsins in SARS-CoV-2 entry, | took advantage
of specific inhibitors of the two proteases. In the two TMPRSS2+ cell lines Caco-2 and
Calu-3, the inhibition of TMPRSS2 by aprotinin, a serine protease inhibitor, correlated with
a block in infection in a dose-dependent manner (Figure 37A). In contrast, SARS-CoV-2
infection in the two TMPRSS2- cell lines A549* and Vero was unaffected by the addition
of aprotinin. Similar results were observed when TMPRSS2 was inhibited by camostat
mesylate, a more specific inhibitor of TMPRSS proteases (Figure 37B). In contrast,
treatment of TMPRSS2+ cells with SB412515, a cathepsin L-specific inhibitor, had no
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Figure 37. SARS-CoV-2 infection relies on different proteases in TMPRSS2+ and TMPRSS2-
cells.

(A to C) Cells were pretreated with indicated concentrations of TMPRSS2 inhibitors aprotinin (A)
and camostat mesylate (B) or the cathepsin L inhibitor SB412515 (C). Calu-3, Caco-2, A549*, and
Vero cells were then infected with SARS-CoV-2 at MOI 0.3, 0.4, 0.2, and 0.3, respectively, in the
continuous presence of inhibitors. Infection was stopped after 8 h (Caco-2, A549*, and Vero) or
24 h (Calu-3) and then analyzed by flow cytometry. Data were normalized to samples without
inhibitor. n = 1-4. The seeding of Caco-2 and Calu-3 cells was performed by Patricio Doldan. All
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data were obtained in collaboration with Zina Uckeley. The figure is a modified version published in
(264).

negative effect on SARS-CoV-2 infection, whereas infection in Vero and A549* cells was
dose-dependently reduced (Figure 37C). This suggests that in TMPRSS2+ cells,
TMPRSS2 plays a role during infection that cannot be taken over by cathepsin L. Of note,
all inhibitors used here and later were evaluated for cytotoxicity by a lactate
dehydrogenase release assay as described in the study of TOSV entry. Upon cell death
and lysis, lactate dehydrogenase is released and can be detected in the extracellular
medium. All inhibitors were used at concentrations that were not toxic to the cells (Figure
38).

To investigate whether protease activity is required during the entry process of SARS-
CoV-2 and to determine the kinetics of protease dependence, time-of-addition assays
were performed. Briefly, SARS-CoV-2 binding to the cell surface was synchronized by
incubation on ice for 2 h, and the internalization was induced by a rapid shift to 37°C. After
various time periods, the cathepsin L inhibitor SB412515 or the TMPRSS2 inhibitor
aprotinin was added either to A549* and Vero cells or to Calu-3 and Caco-2 cells,
respectively. When SB412515 was added to A549* and Vero cells immediately after
warming to 37°C, no infection could be detected (Figure 39A, B). The initial increase in
infection occurred between 15-30 min post-warming and increased over time, reaching a
plateau in A549* at about 90 min, which was slightly faster in Vero cells, i.e., at about
60 min. Half of the patrticles passed the cathepsin L-sensitive step after 59 min and 37 min

in A549* and Vero cells, respectively.

When aprotinin was added to Calu-3 and Caco-2 cells, a faster increase in SARS-CoV-2
infection was observed (Figure 39C, D). Half-maximal kinetics were reached at about
10 min and plateaued at about 20 min. Taken together, these data demonstrate that the
protease activity of both cathepsin L and TMPRSS2 is required during the entry process.
While the cathepsin L-sensitive step occurred after approximately 30-90 min, the
requirement for TMPRSS2 was overcome more rapidly during the viral life cycle, occurring
within the first 20 min of SARS-CoV-2 infection. This differential kinetics of the protease-
sensitive step may be explained by the different subcellular localization of the proteases.
TMPRSS?2 is located on the cell surface and therefore a fast cleavage is expected. In
contrast, cathepsin L is active in endolysosomes. Consequently, SARS-CoV-2 would first
have to traffic through the endocytic machinery and reach endolysosomes to be activated
by cathepsins in the absence of TMPRSS2. These results also suggested that viral fusion

is rather concomitant with the proteolytic activation of S in target cells.
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Figure 38. Inhibitors are not cytotoxic to cells at used concentrations.

(A to D) Drugs were added at indicated concentrations to A549* (A), Vero (B), Calu-3 (C), and
Caco-2 (D) for 9 h at 37°C. Cytotoxicity of drugs was tested using the CytoTox96 Non-Radioactive
Cytotoxicity colorimetric assay. PPMP, a ceramide analog, was used as a positive control. Values
were normalized to those of untreated cells after lysis that shows the maximal release of lactate
dehydrogenase (LDH) into the extracellular medium. n = 2-3. Baf. Al, bafilomycin Al, Conc. B,
concanamycin B. The seeding of Caco-2 and Calu-3 cells was performed by Patricio Doldan. Data

were obtained in collaboration with Zina Uckeley. The figure was adapted from (264).

99



140 - A549* 140 - Vero

120+ 1204
100+

Infected cells
(% of control)
o
T
Infected cells
(% of control)
o)
it

tyo =37 £ 0 min

ti» =59 £ 12 min

06— — T 04 T T T T T 1
0 60 120 180 0 30 60 90 120
SB412515 addition time [min] SB412515 addition time [min]
C D
20+ Calu-3 80— Caco-2
w = n =
3 9 154 T 2 60+
©FE O E
B 8 104 é S 404
€2 5 € 2 20-
- ] t1;2=10i5min =~ t1;2=10i3min
0 T T T T T T T 1 0 T T T T T 1
0 30 60 90 120 0 30 60 20
Aprotinin addition time [min] Aprotinin addition time [min]

Figure 39. Differential dynamics of proteolytic cleavage in TMPRSS2+ and TMPRSS2- cells.

(A to D) SARS-CoV-2 was bound to A549* (A), Vero (B), Calu-3 (C), and Caco-2 (D) on ice for 2 h
at MOI 0.2, 0.3, 0.6, and 0.5, respectively. Cells were then rapidly warmed to 37°C, and cathepsin
L inhibitor SB412515 (10 pM, A and B) or TMPRSS?2 inhibitor aprotinin (30 pM, C and D) were
added at indicated times to block further proteolytic cleavages. Infection was allowed for 8 h (A, B,
and D) or 24 h (C) after the temperature shift at 37°C. Infection was analyzed by flow cytometry
and normalized to samples without inhibitors. Representative results out of 2-3 experiments are
shown. The seeding of Caco-2 and Calu-3 cells was performed by Patricio Doldan. All data were

obtained in collaboration with Zina Uckeley. The figure is a modified version published in (264).

3.3.3 SARS-CoV-2 entry depends on endosomal acidification in TMPRSS2- cells

To explore the possibility that transport to endolysosomes is required during the entry
process of SARS-CoV-2 into TMPRSS2-deficient cells, | investigated the importance of
endosomal acidification for infectious entry. Similar to approaches used to study TOSV
entry, vacuolar acidification was inhibited by the weak lysosomotropic bases NH4CIl and
chloroquine, or the two vATPase inhibitors bafilomycin A1 and concanamycin B. Blocking
endosomal acidification resulted in a dose-dependent reduction of SARS-CoV-2 infection
in all four cell lines, A549*, Vero, Caco-2, and Calu-3 (Figure 40A-D). However, when

comparing the concentration required to inhibit 50% of the infection (ICsp), it became clear
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that SARS-CoV-2 infection was more dependent on acidification in the two TMPRSS2-
cell lines, A549* and Vero, compared to the TMPRSS2+ cell lines, Caco-2 and Calu-3.
While the ICso values for NH4CI, bafilomycin A1 and concanamycin B were 2 to 8-fold
higher in TMPRSS2-expressing cells, and the difference for chloroquine even reached

200-fold (Table 3).
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Figure 40. SARS-CoV-2 infection depends on vacuolar acidification.

(A to D) Cells were pretreated with the lysosomotropic bases NH4Cl (A) and chloroquine (B) or the
vATPase inhibitors bafilomycin A1l (C) and concanamycin B (D). Calu-3, Caco-2, A549*, and Vero
cells were exposed to SARS-CoV-2 at MOI 0.3, 0.4, 0.2, and 0.3, respectively, in the continuous
presence of drugs. Infection was stopped after 8 h (Caco-2, A549*, and Vero) or 24 h (Calu-3) and
analyzed by flow cytometry. Data were normalized to samples without inhibitors. n = 2-3. The
seeding of Caco-2 and Calu-3 cells was performed by Patricio Doldan. All data were jointly

obtained with Zina Uckeley. The figure was modified from (264).

Similar to the protease inhibitors, time-of-addition assays were performed to assess the
importance and kinetics of the acidification-dependent step during SARS-CoV-2 entry. As
with TOSV, a time course of NH4Cl addition with SARS-CoV-2 was performed in all four
cell lines. In the two TMPRSS2- cell lines A549* and Vero, NH4Cl addition at later time
points correlated with higher infection. Half-maximal infection was reached at 48 and
52 min in Vero and A549* cells, respectively, and plateaued at approximately 90 min

(Figure 41A). This kinetic resembled the dynamics of the cathepsin L-dependent step and
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Table 3. Half-maximal inhibitory concentration (ICsp) of inhibitors against SARS-CoV-2.

IC50 + SD TMPRSS2+ TMPRSS2-
Calu-3 Caco-2 AB49* Vero

Aprotinin [UM] 04+0.1 0.6 0.0 X X
Camostat mesylate [nM] 72.9+36.5 806 £ 680 X X
SB412515 [nM] X X 125.7 £29.9 36.9+10.9
NH4Cl [mM] 4.4+0.9 79+24 22+0.1 25+0.6
Chloroquine [puM] 50.1+24.4 274+40 0.3+0.0 0.2+0.1
Bafilomycin Al [nM] 16.3+6.6 104+£3.2 20+0.6 186 +7.7
Concanamycin B [nM] 12.2+5.8 50.3+30.4 6.0+1.2 8.6+22
MG-132 [nM] 670 £ 205 5249 + 2129 44+14 16.4+5.6

Table was published in (264).

indicated an important role of acidification during viral entry into cells lacking TMPRSS2
expression. In contrast, the addition of NH4Cl at different time points in Caco-2 and Calu-3
cells did not result in an increase in infection, even when added hours later. This could
indicate a side effect of the high concentrations of NH4Cl specific to these cells, affecting
other steps of the SARS-CoV-2 life cycle, such as viral replication, during the viral life
cycle. Therefore, concanamycin B was used as an alternative for addition time course
experiments in TMPRSS2 expressing cell lines. Concanamycin B is a specific inhibitor of
vATPase and therefore blocks acidification, somehow, more specifically than the weak
base NH4Cl that neutralize vacuolar acidification in general. When concanamycin B was
added to the cells immediately before warming at 37°C, SARS-CoV-2 infection could still
be detected in both Caco-2 and Calu-3 cells (Figure 41B). This suggests that SARS-CoV-

2 entry into TMPRSS2+ cells is insensitive to endosomal acidification.

To rule out the possibility that concanamycin B was not effective in blocking endosomal
acidification in these cells, late-penetrating UUKV was tested in parallel. UUKV requires
endosomal acidification and trafficking to late endosomes for productive infection (174).
Addition of concanamycin B early in the time course completely inhibited UUKYV infection,
indicating that endosomal acidification is blocked by concanamycin B in Caco-2 cells
(Figure 41B). Addition at later time points increased infection, suggesting that the UUKV

had already entered the host cells and was no longer dependent on acidification.

Contrasting with the observations made for TMPRSS2+ cells, SARS-CoV-2 infection was
sensitive to concanamycin B when the virus was bound to A549* and Vero cells, and the
kinetics of concanamycin B sensitivity resembled those obtained with UUKV in these cells
(Figure 41C). Neutralizing the pH with chloroquine had similar effects on virus entry
compared to concanamycin B. While infection of SARS-CoV-2 in the TMPRSS2+ cell lines
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Caco-2 and Calu-3 was nearly insensitive to the addition of chloroquine, infection in A549*
and Vero cells was completely blocked when chloroquine was added directly after the shift
of temperature to 37°C (Figure 41D). The later chloroquine was added, the higher the
infection, reaching half-maximal kinetics and plateaus in a similar range as for NH.Cl.
Taken together, these data show that SARS-CoV-2 enters cells by two distinct entry
routes. In cells expressing TMPRSS2, SARS-CoV-2 entry is rapid and pH-independent,
whereas entry into cells lacking TMPRSS2 is slower, more asynchronous, and

acidification dependent.
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Figure 41. SARS-CoV-2 entry relies on endosomal acidification in cells lacking TMPRSS2
expression.

(A) SARS-CoV-2 was bound to Calu-3, Caco-2, A549* and Vero cells on ice for 2 h at MOI 0.5,
0.6, 0.2, and 0.3, respectively. Temperature was rapidly shifted to 37°C and NH4CIl (50 mM for
A549* and Vero cells, and 75 mM for Calu-3 and Caco-2 cells) was added at indicated time points
to block endosomal acidification. Caco-2, A549*, and Vero cells were harvested 8 h after the shift
to 37°C and Calu-3 after 24 h. Infection was analyzed by flow cytometry and normalized to samples
without NH4CI. (B and C) Same as in (A) but with the addition of concanamycin B (50 nM) instead
of NH4Cl. Uukuniemi virus (UUKV) was added as a control for Caco-2 cells and bound at MOI 150
to these cells. (D) Same as in (A) but with chloroquine instead of NH4Cl. Chloroquine was added at
a concentration of 64 uM. Representative results out of 2-3 experiments are shown. The seeding of
Caco-2 and Calu-3 cells was performed by Patricio Doldan. All experiments were jointly conducted

with Zina Uckeley. The figure was adapted from (264).
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3.3.4 TMPRSS2 expression drives pH- and cathepsin L-independent entry of
SARS-CoV-2

To correlate TMPRSS2 expression with a cathepsin L- and pH-independent pathway,
TMPRSS2 was stably overexpressed in A549 cells, which normally lack TMPRSS2
expression. Overexpression of TMPRSS2 under the EF2a promoter (hereafter referred to
as 'A549* TMPRSS2+') was confirmed by SDS-PAGE of cell lysates followed by western
blotting (Figure 42A). SARS-CoV-2 infection in A549* cells expressing TMPRSS2 or not
was then assayed for its sensitivity to inhibitors of TMPRSS, cathepsin L, and vATPases.
While the infection of parental A549* cells lacking TMPRSS2 was unaffected by the
TMPRSS inhibitor camostat mesylate, infection was reduced by 70-85% when cells
expressed TMPRSS2 (Figure 42B). Conversely, inhibition of cathepsin L by the drug
SB412515 resulted in a dose-dependent reduction of SARS-CoV-2 infection in cells
lacking TMPRSS2 (Figure 42C). No effect on infection was observed when cells
overexpressed TMPRSS2. Furthermore, TMPRSS2-deficient A549* cells showed a dose-
dependent reduction with over 90% inhibition at 50 nM bafilomycin Al, whereas infection
in TMPRSS2-expressing cells was only marginally reduced by 15% at the same
concentration of bafilomycin Al (Figure 41D). Taken together, these data demonstrate
that TMPRSS2 expression drives pH- and cathepsin L-independent entry of SARS-CoV-2
into A549 cells.

To assess how different expression levels of TMPRSS?2 affect the entry routes, TMPRSS2
was expressed in A549* cells under the weaker promoter ROSA26 (hereafter referred to
as A549* ROSA-TMPRSS2). While cells lacking TMPRSS2 were completely dependent
on cathepsin L activity for SARS-CoV-2 infection, cells strongly overexpressing TMPRSS2
were almost completely dependent on TMPRSS2 for infection (Figure 42B, E). Weaker
expression of TMPRSS2 in A549* ROSA-TMPRSS2 cells did not result in complete
inhibition by the TMPRSS2 and cathepsin L inhibitors (Figure 42E). Blocking the
TMPRSS2 pathway resulted in 55% inhibition of SARS-CoV-2 infection, while a block in
the cathepsin L-dependent pathway resulted in 65% inhibition of infection. Notably, A549
cells lacking expression of the ACE2 receptor but strongly overexpressing TMPRSS2
were not susceptible to SARS-CoV-2 infection at all. This shows that infectious entry of
SARS-CoV-2 depends on the expression of its receptor ACE2 and suggests that the
expression levels of individual proteases, among others, may influence which entry
pathway is used by SARS-CoV-2.
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Figure 42. SARS-CoV-2 infection becomes pH- and cathepsin-independent upon TMPRSS2
overexpression.

(A) Lysates of A549* cells and A549* cells overexpressing TMPRSS2 (A549* TMPRSS2+) was
subjected to nonreducing SDS-PAGE and western blotting against TMPRSS2. *1 indicates the full-
length and *2 a cleaved form of TMPRSS2. (B to D) A549* and A549* TMPRSS2+ cells were
pretreated at indicated concentrations of the TMPRSS2 inhibitor camostat mesylate (B), the
cathepsin L inhibitor SB412515 (C), or the vATPase inhibitor bafilomycin A1 (D). Cells were
infected with SARS-CoV-2 at MOI 0.2 in presence of inhibitors for 8 h at 37°C. Infection was
guantified by flow cytometry and data were normalized to infection in samples where inhibitors had
been omitted. n = 3. Data (A to D) were obtained in collaboration with Zina Uckeley. (E) A549 cells
with different expression patterns of ACE2 and TMPRSS2 (A549* (=A549-ACE2), A549-EF2a-
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TMPRSS2, A549-ACE2/EF2a-TMPRSS2 (=A549* TMPRSS2+), and A549* ROSA-TMPRSS2)
were pretreated with camostat mesylate or SB412515 and challenged with SARS-CoV-2 at MOI
0.2 for 8 h. Infection was quantified by flow cytometry. Raw values of one representative

experiment out of two are shown. The figure was adapted and modified from (264).

3.3.5 SARS-CoV-2relies on endosomal maturation for infection of TMPRSS2- cells

My results suggested that SARS-CoV-2 enters cells through the endocytic machinery
when TMPRSS2 is absent, and conversely, that the virus penetrates from the plasma
membrane or early endosomes when TMPRSS2 is expressed in target cells. To further
test the possibility that SARS-CoV-2 reaches endolysosomes for infection in TMPRSS2-
cells, 1 used perturbants of several factors important for LE maturation. These approaches
were similar to those described in the study of TOSV entry (section 3.2.4). One of these
factors is Rab7a, the small GTPase associated with late endosomal vesicles. Transient
expression of EGFP-tagged Rab7a in Vero cells resulted in an increase in SARS-CoV-2
infection with increasing Rab7 WT expression levels, reaching a 1.4-fold increase at the
highest Rab7 WT expression level (Figure 43A). While a low level of overexpression of
the constitutively active mutant Q67L resulted in an increase in infection compared to WT
Rab7, a higher level of overexpression resulted in a decrease in infection. In contrast,
expression of the dominant negative mutant T22N reduced SARS-CoV-2 by up to 50%
compared to WT at the respective expression level. The combination of increased
infection with higher Rab7 WT expression and inhibition with dominant-negative mutant
expression suggests a role for proper LE formation and maturation in the cathepsin L-
dependent entry of SARS-CoV-2 into Vero cells.

Transport of cargo to LEs and lysosomes is dependent on ubiquitin-dependent endosomal
sorting in EEs. Depletion of the free ubiquitin pool by the proteasomal inhibitor MG-132
resulted in a dose-dependent reduction of SARS-CaoV-2 infection with ICso values of 4.4
and 16.4 nM in A549* and Vero cells, respectively (Figure 43B, Table 3). To link the
effect of MG-132 to the entry process of SARS-CoV-2, and to rule out side effects of MG-
132 on later stages of the viral life cycle, | determined the timing at which SARS-CoV-2
becomes insensitive to MG-132 in an addition time course similar to those described
above. | observed that the kinetics of penetration in cells treated with MG-132 was similar
to those obtained for inhibitors of cathepsin L and vacuolar acidification (Figure 43C). In
both A549* and Vero cells, the kinetics reached a half-maximal level at approximately
45 min and reached a plateau at approximately 60 to 90 min. This suggests that MG-132
affects SARS-CoV-2 entry in cells lackihng TMPRSS2 expression. LE maturation also

depends on MT-mediated transport to the nuclear periphery. Depolymerization of MT
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induced by colcemid treatment in Vero cells resulted in a 40-50% reduction in SARS-CoV-

2 infection (Figure 43D). Collectively, these data demonstrate that SARS-CoV-2 relies on

functional LEs for infectious entry into TMPRSS2- cells.
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Figure 43. Endosomal maturation is required for SARS-CoV-2 entry into TMPRSS2- cells.

(A) Vero cells were transfected with expression vector coding for EGFP-tagged Rab7a wild-type
(WT) and its constitutively active, Q67L, and dominant-negative, T22N, mutants. 22 h post-
transfection, cells were exposed to SARS-CoV-2 at MOI 0.3 for 8 h. Cell populations with varying
expression levels of EGFP-Rab7a were selected and SARS-CoV-2 infection was analyzed in each
population by flow cytometry. Infection was normalized to cells with the lowest expressing levels of
EGFP-Rab7a WT. Unpaired t-test with Welch’s correction was applied to compare infection in cell
populations with similar expression levels of EGFP-Rab7a. n = 2, p values: WT medium vs. Q67L
medium, ns, p = 0.1655; WT medium vs. T22N medium, **, p = 0.0062; WT high vs. Q67L high, *,
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p = 0.0317; WT high vs. T22N high, **, p = 0.0017. ns, not significant. (B) A549* and Vero cells
were pretreated with MG-132 and infected with SARS-CoV-2 at MOI 0.2 and 0.3, respectively, in
the continuous presence of drugs. Cells were harvested after 8 h, and infection was analyzed by
flow cytometry and normalized to samples without inhibitor added. n = 2. (C) SARS-CoV-2 patrticles
were bound to A549* and Vero cells at MOI 0.2 and 0.3, respectively, on ice for 2 h. Cells were
rapidly shifted to 37°C, and MG-132 (3.7 uM) was added at indicated time points. Cells were
harvested 8 h after the temperature shift, and infection was quantified by flow cytometry. Data were
normalized to infection in samples without MG-132 treatment. Representative experiment out of
two is shown. (D) Cells were pretreated with indicated concentrations of colcemid for 3 h on ice
before being challenged with SARS-CoV-2 at MOI 0.3 for Vero and 0.4 for Caco-2 for 8 h. Infection
was quantified by flow cytometry and normalized to samples where colcemid had been omitted. n =
2-3, p values: Vero 0 vs. 0.5 uM, **, p = 0.0075; 0 vs. 1.9 pM, *, p = 0.0202; 0 vs. 30 UM, **, p =
0.0047; Caco-2 0 vs. 0.5 pM, **, p = 0.0062; O vs. 1.9 pM, *** p = 0.0003; 0 vs. 30 puM, *** p
<0.0001. (E and F) Calu-3 and Caco-2 (E), as well as A549* and A549* TMPRSS2+ (F), were
pretreated with MG-132 and infected with SARS-CoV-2 at MOIs 0.3, 0.4, 0.2, and 0.2, respectively,
in the continuous presence of the drug. Infection was allowed for 8 h (Caco-2, A549*, and A549*
TMPRSS2+) or for 24 h (Calu-3) and was then analyzed by flow cytometry and normalized to
samples without inhibitor. n = 1-4. The seeding of Caco-2 and Calu-3 cells was performed by

Patricio Doldan. Data were obtained jointly with Zina Uckeley. The figure was modified from (264).

Perturbation of the MT network also reduced SARS-CoV-2 infection in TMPRSS2+ Caco-
2 cells, although the inhibitory effect was lower compared to TMPRSS2- cells (Figure
43D). This could be explained by a broader role of the MT network during SARS-CoV-2
infection in addition to its role during entry. To investigate whether SARS-CoV-2 requires
sorting to LEs when TMPRSS2 is expressed, Caco-2 and Calu-3 cells were infected in the
presence of MG-132. MG-132 caused a dose-dependent inhibition of SARS-CoV-2
infection in both Caco-2 and Calu-3 cells, although the ICsq values were up to 1,200-fold
higher compared to those observed in TMPRSS2- A549* and Vero cells (Figure 43E,
Table 3). When TMPRSS2 was overexpressed in Ab49* cells, MG-132 had only a
marginal effect on SARS-CoV-2 infection, i.e., less than 10% decrease in infection at the
highest concentration of the drug (Figure 43F). Overall, these data demonstrated that
entry of SARS-CoV-2 into cells expressing TMPRSS2 is not dependent on LE maturation.

3.3.6 Proteolytic processing of the Spike protein drives membrane fusion

To mediate fusion of the viral membrane with host cell membranes, the S protein must be
processed by proteases at two distinct sites. The first cleavage, priming, occurs at the

junction between the S1 and S2 domains, and the second cleavage, activation, takes
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place in the S2 domain upstream of the fusion peptide. For priming, furin processing in
producer cells or cleavage by serine or cathepsin proteases in target cells have been
proposed (198). To evaluate the rate of cleaved S protein released from producer cells,
viral proteins from the SARS-CoV-2 virus stock were separated by SDS-PAGE followed
by western blotting using a primary antibody recognizing the S2 fragment. A strong band
was detected at approximately 160 kDa corresponding to the full-length unprocessed S,
SO0 (Figure 44A). The cleaved S2 fragment appeared at approximately 75 kDa with
weaker intensity than SO. | quantified the signal and determined a ratio between the
cleaved S2 signal and the total signal (SO + S2). This allowed to show that approximately
one third of the S was cleaved by producer cells in the virus stock (Figure 44B). When
virus particles were treated with trypsin prior to SDS-PAGE, the S2 band became more
prominent and the ratio of S2/(S0 + S2) was greater than 0.9, indicating that more than
90% of the S proteins were cleaved at the S1/S2 junction. The addition of exogenous furin

slightly increased processing, reaching about 50% of cleavage.

Next, | wanted to determine whether increased proteolytic processing would affect
infection of the cells. To assess this, SARS-CoV-2 was pretreated with exogenous trypsin
or furin before being added to cells. Trypsin pretreatment resulted in a 1.8- and 2.5-fold
increase in infection in Caco-2 and Vero cells, respectively, compared to untreated virus
(Figure 44C). Additional processing with furin resulted in a slight increase of 20% in
Caco-2 cells, whereas it had no effect on infection of Vero cells. These results suggest
that proteolytic cleavage of virus particles in producer cells was incomplete and that
approximately one third of S was proteolytically processed upon release. In other words,
one S molecule per trimer was already cleaved after the virus release. Taken together,
these data indicated that additional proteolytic processing of the S protein on input viruses

favors SARS-CoV-2 infectivity regardless of the presence of TMPRSS2 in target cells.

To investigate the requirements for SARS-CoV-2 fusion and to assess whether proteolytic
processing is essential, an imaging-based cell-cell fusion assay was established. Briefly,
cells were infected with SARS-CoV-2 for 24 h to achieve more than 90% infection.
Infected cells (donor cells) were then co-cultured for 5 h with noninfected cells (target
cells), which were previously labeled with the green cytosolic dye CMFDA (Figure 45A).
After 5 h of co-culture, cells were fixed and immunofluorescence staining for viral NP
protein allowed detection of infected cells. Confocal imaging visualized infected donor
cells in magenta and CMFDA-labeled target cells in green. Fusion events between donor
and target cells could then be detected as multinucleated cells stained in both magenta
and green. This assay is based on the property of CMFDA that the dye can pass freely

through membranes when added to cells, but is converted to a cell-impermeable
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Figure 44. Proteolytic activation of SARS-CoV-2 particles is incomplete when released from
producer cells.
(A) SARS-CoV-2 particles were left untreated or were treated with exogenous trypsin or furin for
15 min at 37°C before subjected to reducing SDS-PAGE and western blotting using a polyclonal
antibody targeting S2 region of the Spike protein. Representative blot is shown. So, full-length
Spike. (B) So and Sz were semi-quantified from (A). The fraction of Sz compared to sum of Sp and
Sz is shown. (C) SARS-CoV-2 were pretreated with proteases as explained in (A) and added to
Caco-2 and Vero cells at MOI 0.4 and 0.3, respectively. Cells were harvested after 8 h, and
infection was quantified by flow cytometry. Data were normalized to infection with untreated SARS-
CoV-2 particles. The seeding of Caco-2 cells was performed by Patricio Doldan. Data were

obtained jointly with Zina Uckeley. The figure was modified from (264).

fluorescent dye once inside the cells. The degree of fusion was expressed as a fusion
index ranging from 0 to 1. 0 means that no multinucleated cells of green and magenta
color appeared in a microscopic field of view, and a fusion index of 1 indicates that all

cells have fused with each other.
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Figure 45. SARS-CoV-2 fusion is increased upon TMPRSS2 expression.

(A) Principle of my cell-cell fusion assay. In this approach, donor cells infected with SARS-CoV-2
were immunostained against the viral NP protein (magenta) and target cells fluorescently labeled
with CMFDA (green). Cell-cell fusion events results in the formation of syncytia, and in turn, in the
merge of both colors (yellow). CMFDA, cytosolic green dye. (B) A549*, A549* TMPRSS2+, and
Vero cells were first left noninfected or were infected with SARS-CoV-2 at MOI 0.1 for 24 h. Cells
were then co-cultured with noninfected, CMFDA-labeled cells (shown in green) for 5 h. Co-culture
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was fixed, and infected cells were subjected to immunofluorescent staining against viral NP protein
(in magenta). Nuclei were stained with Hoechst (in blue). Co-culture was imaged by confocal
microscopy. White asterisks indicate syncytia formation between donor and target cells. The
multinucleated cells appeared in yellow. Representative images are shown. Scale bar, 100 pm.
(C) Cell-cell fusion from (B) was quantified. Fusion was expressed in a fusion index f givenas f=1
— [(number of green cells in a field)/(hnumber of nuclei in green cells)]. A minimum of 30 fields were
guantified for samples without viruses and a minimum of 80 for infected samples. Data show mean
+ SEM. (D) Co-culture was performed with A549* TMPRSS2+ cells as described in (B) but in the
presence of the TMPRSS2 inhibitor camostat (100 puM). A minimum of 30 fields. The figure was
modified from (264).

Using Vero cells as donor and target cells, almost no fusion events were observed after
5 h of co-culture (Figure 45B, C). In A549* cells, some fusion events were observed,
reaching a fusion index of 0.24, which increased approximately 2-fold upon
overexpression of TMPRSS2. Conversely, inhibition of TMPRSS2 by camostat strongly
reduced syncytia formation (Figure 45D). This suggests that cell surface expression of
TMPRSS2 promotes syncytia formation.

To determine whether the addition of exogenous proteases could increase fusion
formation, cells were treated with trypsin or furin for 5 min after 5 h of co-culture. Trypsin
treatment resulted in a 7- and 2.8-fold increase in syncytia formation in Vero and A549*
cells, respectively (Figure 46A, B). However, the addition of exogenous trypsin to A549*
TMPRSS2+ cells only marginally increased syncytia formation from 0.49 to 0.54, while it
significantly enhanced the formation of syncytia with A549* cells, from 0.24 to 0.68. The
addition of exogenous furin to the co-culture had little or no effect on fusion formation.
This demonstrates that the cell-cell fusion assay established here is functional and that
fusion between donor and target cells can be visualized and quantified by microscopy.
Proteolytic processing by TMPRSS2 and trypsin can induce fusion, whereas the addition
of furin does not appear to be effective. Furthermore, these data suggest that proteolytic

cleavage is both necessary and sufficient to induce SARS-CoV-2 fusion.

3.3.7 Low pH does not inactivate SARS-CoV-2 and is not sufficient to trigger viral
membrane fusion

SARS-CoV-2 does not appear to depend on endosomal acidification for infectious entry

into TMPRSS2+ cells. This suggests that acidification is not required for the fusion

process itself, but rather for proteolytic processing by cathepsin L in TMPRSS2- cells. To

further assess the role of acidification in SARS-CoV-2 fusion, | first determined whether
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Figure 46. Proteolytic processing triggers SARS-CoV-2 membrane fusion.

(A) Cell-cell fusion assay was performed as in Figure 45B but 5 h after adding non-infected,
CMFDA-labeled green cells, co-culture was treated with proteases for 5 min at 37°C and
subsequently recovered for 1 h at 37°C before fixation. White asterisks indicate syncytia formation.
Representative images are shown. Scale bar, 100 um. (B) Cell-cell fusion from (A) was quantified
as described in Figure 45C. A minimum of 30 fields were quantified for samples without viruses
and a minimum of 60 for infected samples. Data shows mean + SEM. The figure was modified from
(264).

SARS-CoV-2 could be inactivated by low pH treatment prior to infection, as previously
shown for TOSV and several other viruses (section 3.2.6). Briefly, virus particles were
exposed to pH buffers ranging from 5.0 to 7.4, similar to the acidification that occurs
during trafficking in the endosomal system. Prior to cell infection, the virus particles were
neutralized to pH 7.4 and added to the cells. Viruses with acid-activated membrane fusion
are usually inactivated when pretreated at the pH that induces fusion, which is caused by
the conversion of the viral fusion protein from the pre-fusion to the post-fusion
conformation. Low pH treatment of SARS-CoV-2 resulted in only a 20% reduction at pH
6.0 and approximately a 50% reduction at pH 5.0 in both Vero and Caco-2 cells (Figure
47A). This reduction is minimal compared to SFV and IAV, which were inactivated by
approximately 95% at pH 5.5 (Figure 31D, F).

To further investigate the role of acidification on SARS-CoV-2 fusion, the effect of low pH
was tested in my established cell-cell fusion assay. Buffers of different pH were added for
5 min after 5 h of co-culture. Low pH did not affect syncytia formation in either Vero,
A549* or Ab49* TMPRSS2+ cells (Figure 47B). To investigate whether there is a

synergistic effect of proteolytic cleavage and acidification on fusion, cells were first treated
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Figure 47. SARS-CoV-2 membrane fusion is not acid-activable.

(A) SARS-CoV-2 particles were pretreated at indicated pH for 10 min at 37°C and then the pH was
neutralized before the addition of the virus to Vero and Caco-2 cells at MOI 0.3 and 0.4,
respectively. Cells were harvested 8 h later, and infection was quantified by flow cytometry and
normalized to samples pretreated at pH 7.4. One representative out of two experiments is shown.
The seeding of Caco-2 cells was performed by Patricio Doldan. Data were obtained jointly with
Zina Uckeley. (B) SARS-CoV-2 fusion was assessed at various pH values in my cell-cell fusion
assay as described in Figure 45B and 46A. After trypsin treatment, cells were left at 37°C for 1 h
and then culture medium was exchanged against buffers at indicated pH for 5 min at 37°C. After
washing and a further incubation of 1 h at 37°C, cells were fixed. At least 50 microscopy fields were
analyzed per condition, and the fusion index was calculated as described in Figure 45C. Data show
mean + SEM. (C) Ratio of fusion of cells treated with trypsin to those of untreated cells was
calculated for each cell line from the data obtained in (B). The figure was modified from (264).

with trypsin and then exposed to different pH buffers and tested in the cell-cell fusion
assay. Again, very little or no difference was observed after trypsin treatment followed by
exposure to low pH compared to neutral pH (Figure 47B). Notably, proteolytic processing
by trypsin again resulted in a 6-7-fold increase in Vero cells, and a 2-3-fold increase in
A549* and almost no effect on syncytia formation in A549* cells overexpressing
TMPRSS2 (Figure 47B, 46B). In all three cell lines, the fusion index was similar and
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appeared independent on acidification (Figure 47C). Taken together, these data
demonstrate that endosomal acidification alone is not sufficient to induce membrane
fusion of SARS-CoV-2. In addition, the results showed that virus particles have a high

resistance to low pH treatment with preservation of their infectivity.

3.3.8 Low pHisrequired for endolysosomal proteases that activate/prime viral
fusion

Acidification is required for entry into TMPRSS2- cells, but fusion does not depend on low
pH. | therefore postulated that acidification may be required for the activity of
endolysosomal cathepsins that prime and activate SARS-CoV-2 fusion. To test this
hypothesis, | evaluated whether SARS-CoV-2 particles pre-activated with exogenous
proteases also require endosomal acidification for the infection of TMPRSS2- cells. Viral
particles were pretreated with trypsin or thermolysin and then added to cells. Thermolysin
was previously shown to cleave SARS-CoV S protein and induce a cleavage pattern in
the Ebolavirus glycoprotein GP similar to that of cathepsin L (283, 284). In contrast to the
activity of cathepsin L that relies on endosomal acidification, thermolysin has the
advantage to be functional at neutral pH. The use of thermolysin thus allows to decouple
proteolytic processing from low pH. With this approach, | observed that the block of
vATPases by bafilomycin A1l almost completely abolished infection of TMPRSS2- A549*
cells by SARS-CoV-2 (Figure 48A, 40C). Conversely, when viral particles were pretreated
with trypsin or thermolysin, infection could be rescued. While trypsin cleavage could
increase infection from 8% to 59%, thermolysin treatment could completely rescue

infection. Similar observations were made in the TMPRSS2- Vero cells.

The loss of dependence on endosomal acidification upon protease treatment of the virus
was additionally tested by determining the kinetics of the acid-requiring step in an NH4CI
addition time course. Briefly, SARS-CoV-2 was pretreated with or without trypsin and
added to cells on ice to synchronize binding. The temperature was then rapidly shifted to
37°C, and NH4Cl was added at various time points to neutralize endosomal acidification.
In stark contrast to untreated virus, the addition of NH4Cl did not inhibit infection of trypsin-
pretreated SARS-CoV-2 in both A549* and Vero cells (Figure 48B). The curve was
similar to that of SARS-CoV-2 entering the TMPRSS2- cell lines Caco-2 and Calu-3
(Figure 41B, D). These data demonstrate that SARS-Co-2 particles are no longer
dependent on endosomal acidification when processed and activated by cellular

proteases.
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Figure 48. Protease-pretreated SARS-CoV-2 does no longer rely on low pH and cathepsin L
activity.

(A) A549* and Vero cells were infected with SARS-CoV-2 pretreated with trypsin or thermolysin at
MOI 0.2 and 0.3, respectively, in the continuous presence of bafilomycin Al. Infection was
analyzed 8 h later by flow cytometry, and data were normalized to infection without bafilomycin Al.
n = 1-2. (B) SARS-CoV-2 particles were pretreated with trypsin as described in (A) before the virus
was allowed to bind to A549* and Vero cells on ice for 2 h, at MOI 0.2 and 0.3, respectively. Cells
were rapidly warmed to 37°C and NH4Cl (50 mM) was added at indicated time points to prevent
endosomal acidification and cathepsin activity. Cells were harvested after 8 h, and infection was

quantified by flow cytometry. Data were normalized to samples without NH4CI. One representative
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experiment out of two is shown. (C) Same as in (A) but in the continuous presence of cathepsin L
inhibitor SB412515 instead of NH4CI. n = 2. Data were obtained collectively with Zina Uckeley. The

figure was modified from (264).

In a next step, the requirement for cathepsin L was tested when viral particles were
pretreated with proteases prior to infection. Infection of trypsin- and thermolysin-treated
viral particles was determined in the presence of the cathepsin L inhibitor SB412515. As
expected, infection in A549* and Vero cells was completely abolished when the virus was
not processed by protease prior to infection (Figure 48C). Conversely, thermolysin
completely restored infection, as did trypsin, but to a lesser extent. Collectively, these data
demonstrated that SARS-CoV-2 is no longer dependent on endosomal acidification and

cathepsin L in TMPRSS2- cells when the virus was pre-activated.

3.3.9 Deltavariant of SARS-CoV-2 seems to not only use TMPRSS2 in TMPRSS2+
cells for infectious entry

During the course of the pandemic, several new variants of SARS-CoV-2 emerged in
2020 and 2021. The Delta variant was first detected in India in October 2020 before
spreading to Europe, where it became the dominant strain in the second half of 2021. It
caused a major wave of infections in Europe in the fall of 2021, before being replaced by
the Omicron variant in late 2021. To assess whether the delta variant has different entry
requirements, | infected A549* cells with different levels of TMPRSS2 expression in the
presence of inhibitors that block the TMPRSS2 or cathepsin-dependent pathway. As
expected, inhibition of cathepsin activity in A549* cells lacking TMPRSS2 expression by
SB412515 almost completely abolished infection with the original SARS-CoV-2 strain
(Figure 49, 37C, 42C). Similarly, infection with the Delta variant was almost completely
inhibited, indicating a requirement for cathepsin L activity when TMPRSS2 is not
expressed (Figure 49). In A549* TMPRSS2+ cells, which are highly overexpressing
TMPRSS2, infection with Wuhan could be blocked by more than 80% by the TMPRSS2
inhibitor camostat. Infection with the Delta variant was also reduced by camostat, but only
to 50%. This suggests that the Delta variant is less dependent on TMPRSS2 activity. In
A549* with a weaker expression of TMPRSS2, both protease-dependent pathways seem
to play a role. Infection of the Wuhan variant was reduced by 35% and 65% by TMPRSS2
and cathepsin L inhibitor, respectively. Again, the Delta variant was less affected by the
TMPRSS?2 inhibitor and more hampered by the cathepsin L inhibitor compared to the
Wuhan strain. Taken together, these data show that the Delta variant appears to use both

the TMPRSS2 entry pathway at the cell surface and the cathepsin L-dependent entry from
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endolysosomes. However, the Delta variant seems to be less dependent on TMPRSS2

cleavage than the original Wuhan strain.
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Figure 49. Delta variant of SARS-CoV-2 relies less on TMPRSS2.

A549* cells with different expression levels of TMPRSS2 were pretreated with the TMPRSS2
inhibitor camostat mesylate or the cathepsin L inhibitor SB412515. Cells were exposed to Wuhan
strain (BavPatl) or Delta variant of SARS-CoV-2 at MOI 0.2 for 8 h in the continuous presence of
inhibitors. Infection was analyzed by flow cytometry and normalized to samples without inhibitors.

n=1.

3.3.10 TMPRSS2 expression reduces ACE2 levels and SARS-CoV-2 binding

ACE2 was previously shown to be cleaved by TMPRSS2, which appeared to promote the
entry of SARS-CoV in 293T cells (285). To evaluate the importance of the cleavage of
ACE2 by TMPRSS2 in SARS-CoV-2 infection, | aimed to infect cells with different
expression levels of TMPRSS2. To this end, | first assessed ACE2 expression in A549*
cells expressing different levels of TMPRSS2 by western blotting. While ACE2 was highly
expressed in A549* cells negative for TMPRSS2, ACE2 was barely visible in A549* cells
with a weak TMPRSS2 expression (A549-ACE2 ROSA-TMPRSS2) and nearly not
detectable in A549* cells overexpressing TMPRSS2 (A549-ACE2 EF2a-TMPRSS2)
(Figure 50A). As expected, no ACE2 expression was detected in A549 cells negative for

the receptor.
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Figure 50. Reduced ACE2 expression and SARS-CoV-2 binding in TMPRSS2-expressing
cells.

(A) Lysates of A549 and A549* cells with different levels of TMPRSS2 expression were separated
by SDS-PAGE followed by western blotting using antibodies against ACE2. Identical protein
amounts were loaded. A549 cells not overexpressing ACE2 were used as negative control. (B) The
membranes of SARS-CoV-2 were fluorescently labeled with the lipophilic dye R18, and labeled
viruses were purified over buffer exchange columns. Fluorescent particles were then bound to
A549* cells on ice for 2 h. Cells were washed and left on ice (0 min sample) or shifted rapidly to
37°C for 30 min to allow internalization of viral particles. Cells were subsequently fixed, and nuclei
were stained with Hoechst (blue). R18-fluorescently labeled SARS-CoV-2 particles (red) bound to
cells were imaged by confocal microscopy. Maximum projection of three planes is shown. Scale
bar, 10 um. (C) R18-labeled SARS-CoV-2 was bound to A549%, A549* EF2a-TMPRSS2, and
A549* ROSA-TMPRSS2 cells at MOI 0.03 on ice for 2 h in suspension. Cells were washed and
fixed, and fluorescence associated with cells was quantified by flow cytometry. RU, relative unit.

n=1.

Next, | evaluated whether an increase in TMPRSS2 expression affects SARS-CoV-2
binding to host cells. For this purpose, | labeled the envelope of authentic SARS-CoV-2
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particles with the lipophilic dye R18. | previously established that R18 labeling of TOSV at
high concentrations causes autoquenching of the dye fluorescence. Here, SARS-CoV-2
membrane was labeled with lower concentrations of R18, which does not result in
autoquenching. Fluorescently labeled SARS-CoV-2 had similar titers to unlabeled virus
and could be detected by confocal microscopy as single fluorescent spots on the cell
surface upon binding of particles to A549* cells on ice (Figure 50B). In addition, viral
particles could be internalized upon warming the cells to 37°C for 30 min. To evaluate
SARS-CoV-2 hinding to cells with different levels of TMPRSS2 expression, R18-SARS-
CoV-2 was bound to cells on ice for 2 h, fixed, and cell-associated fluorescence quantified
by flow cytometry. The binding of fluorescent viral particles was reduced with lower ACE2
expression, which correlated with higher expression levels of TMPRSS2 (Figure 50C).
The virus binding decreased by up to 40% in A549* cells overexpressing TMPRSS2.
Taken together, these data suggested that TMPRSS2 cleaves ACE2 in addition to
cleaving the SARS-CoV-2 spike protein. Increasing levels of TMPRSS2 result in
decreased levels of full-length ACE2 and impaired binding of SARS-CoV-2 to host cells,
while still promoting higher levels of infection. This suggests that the increase in infectivity

compensated for the loss of SARS-CoV-2 hinding to the cell surface.
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4 Discussion

My in-depth work combined several molecular and cellular tools to elucidate early host-
cell interactions of two emerging zoonotic viruses, TOSV and SARS-CoV-2. TOSV is a
sand fly-transmitted virus of the family Phenuiviridae in the order Bunyavirales. It is
widespread in southern Europe and northern Africa, with more than 250 million people
potentially exposed. Although TOSV has not yet been detected, its vector, the
phlebotomine sand fly, has been found in southern Germany. Thus, due to global warming
and the expansion of arthropod vectors, more and more countries are at risk of arbovirus
introduction. Although TOSV is one of the main causes of aseptic meningitis in southern
Europe during the summer season, very little information is available on the cell biology of
this virus. Therefore, | aimed to characterize its entry route into different human cell types.
For most enveloped viruses, the entry process begins with binding to receptor(s), followed
by internalization, intracellular trafficking and fusion from intracellular compartments. |
then performed various quantitative and qualitative experiments to address these
individual steps of the entry process of TOSV into mammalian host cells. This revealed
that TOSV shares molecular and cellular features with other phenuiviruses and enters
host cells by acid-activated membrane fusion from LEs. It shows remarkable pH versatility

during intracellular trafficking and strong resistance to inactivation at low pH.

In addition, the COVID-19 pandemic started during my PhD studies. Therefore, | wanted
to contribute to the research efforts against this virus. | therefore took the opportunity to
adapt some entry protocols from the TOSV study to SARS-CoV-2. At the beginning of this
project, there was a debate about whether SARS-CoV-2 requires endocytosis and
vacuolar acidification for cell entry, i.e., whether SARS-CoV-2 enters host cells directly
from the plasma membrane or through intracellular compartments after endocytosis.
Since other coronaviruses require cleavage of the transmembrane spike protein to enter
cells, | selected several cell types with different expression levels of host cell proteases
and analyzed the entry process of SARS-CoV-2 in all these cells. Furthermore, | was

interested in the factors and cues that trigger SARS-CoV-2 membrane fusion.

4.1 TOSV is a late-penetrating virus

In this study, TOSV particles were imaged by cryo-EM for the first time. This revealed a
roughly spherical shape with an average diameter of 121 nm. Spike-like protrusions with
an average length of 9 nm were visualized on the viral surface formed by the viral

glycoproteins Gn and Gc. Overall, these electron micrographs showed that TOSV shares
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with other phenuiviruses, such as RVFV and UUKV, the same size and morphology (140,
141). Further experimental work is required to solve the X-ray structures of Gn and Gc of
TOSV. This would allow the comparison with solved structures from other phenuiviruses,
such as RVFV, DABV and HRTV (142-147). Tomography analysis of particles would
allow to obtain details of the structural organization and to determine whether TOSV have
the same atypical T = 12 symmetry as observed in UUKV and RVFV (140, 141). This in

turn, could shed lights on the fusion mechanisms.

To analyze binding, internalization and intracellular trafficking of single virions, | used a
labeling strategy based on reactive dyes covalently attached to free amine groups of the
surface-exposed viral glycoproteins Gn and Gc. In addition, | took advantage of the
lipophilic dye R18 that is autoquenched at high concentrations. This allowed the study of
the acid-activated membrane fusion of TOSV. When glycoprotein-labeled fluorescent
particles bound to A549 cells were imaged by confocal microscopy, | observed that the
number of bound particles was approximately ten times higher than the MOI used. This
indicates that every tenth bound fluorescent particle is infectious. It is tempting to
speculate that most bound particles fail to fuse with a host cell membrane because
glycoprotein Gc undergoes large conformational changes that might be limited by
fluorophore attachment. Another explanation may be that not all virus particles contain all
three segments and are therefore not infectious on their own. A recent study showed that
incomplete RVFV particles can complement each other during co-infection resulting in the
reconstitution of infectious virus (286). This infectious-to-fluorescent ratio of about 1:10 is
still high compared to other phenuiviruses such as UUKV, where only one in 1,000
fluorescent particles is infectious, and in a similar range as for the orthobunyavirus GERV
(174, 250).

From my results, it is clear that TOSV can productively infect iPSC-derived neurons. It
remains to be investigated whether neurons contribute to the spread and pathogenesis of
TOSV infection. Central nervous system manifestations such as meningitis and
encephalitis are commonly observed in patients, but it is not clear how the virus is able to
cross the blood-brain barrier and cause inflammation in the brain. In vivo experiments
showed that only a few meningeal cells and neurons were infected after subcutaneous
infection with a neuro-adapted strain of TOSV in Balb/c mice (287). After intracranial
infection, TOSV replicated efficiently in the brain, causing encephalitis, and viral antigens
were detected predominantly in the grey matter, especially in the deep nuclei and the
hippocampus. However, it is not clear which cell types are affected by natural infection in

humans and how they contribute to inflammation and pathogenesis of infection.
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Many cell lines from different tissues and species were sensitive to TOSV infection
suggesting a broad host and tissue tropism for TOSV. However, the full tropism in
humans is not known and needs to be further investigated in vivo. Diverse symptoms
ranging from febrile illness, central nervous system manifestations, testicular involvement,
arthralgia or gastroenteritis may indicate that multiple cell types and tissues are infected in
vivo. TOSV was also shown to have a high seroprevalence in several domestic and wild
animals in endemic countries. To date, no reservoir host has been identified. Dogs and
wild birds have been proposed as reservoirs because of their high seroprevalence.
However, experimental infection of dogs resulted in low viral loads (61). Thus, the role of

wild birds or other animals as reservoir hosts remains to be investigated in the future.

Sand fly cell lines were also sensitive to TOSV infection, but not to a high degree. It may
be that TOSV requires longer periods of time to replicate and amplify in sand fly cells, as
has been shown for UUKV and tick cell lines (260). Differences in TOSV infection
between arthropod and mammalian cells deserve further investigation to determine
whether infections are asymptomatic or not, or persistent or not, as observed for other
arboviruses. Since arboviruses have a dual life cycle, it would be valuable to study

differences in TOSV particles produced by arthropod and mammalian cells.

By analyzing viral entry step by step, | was able to show how TOSV enters cells and
travels along the endosomal pathway to penetrate the cytosol. When single viral particles
were monitored by confocal microscopy, TOSV was found to co-localize with Rab5, Rab7,
and LAMP1, typical markers of endosomal vesicles. The kinetics of co-localization were
consistent with the timing of other cellular cargoes that traffic to EEs, LEs and lysosomes
(88). While co-localization with the EE marker Rab5a peaked at 5-10 min, co-localization
with the LE and endolysosomal markers Rab7a and LAMP1 increased over time. A similar
trafficking route along the endocytic pathway was previously shown for UUKV and DABV
(173, 174). Thus, TOSV shares similar entry mechanisms and trafficking pathway with
other phenuiviruses such as RVFV, UUKV and DABV.

From my results, it was evident that TOSV is dependent on LE maturation, which is
required for the delivery of viral particles from EEs to more acidic downstream
compartments. LE maturation is a complex process that involves hundreds cellular factors
and is accompanied by many changes that are often interconnected and interdependent.
Many monomeric GTPases are often associated with a specific intracellular compartment
and shape their identity by switching between a GDP-bound inactive and a GTP-bound
active state, as shown for the small GTPases Rab5 associated with EEs and Rab7 with

LEs. An important step in LE maturation is the hydrolysis of Rab5-bound GTP and its
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dissociation, while GTP-bound Rab7 associates in parallel. Blocking GTP hydrolysis using
a constitutively active mutant of Rab5, which is maintained in its active GTP-bound state,
inhibits maturation to LEs and TOSV infection. Similarly, dominant-negative mutants of
Rab5 and Rab7, retained in their GDP-inactive state, block the formation of functional EEs
and LEs, respectively, and were also shown to severely impair TOSV infection. This
indicates that TOSV relies on functional EEs, but also on delivery to downstream

organelles.

Further evidence that TOSV depends on LE maturation came from sensitivity to
proteasomal inhibitors such as MG-132. MG-132 was previously shown to result in
sequestration of several endocytosed viruses in EEs (288). It has been proposed that MG-
132 exerts its inhibitory effect by causing a depletion of free ubiquitin in the cell, which is
required for proper sorting of cargo in EEs to LEs and lysosomes (90). Thus, endocytosed
virions are trapped within endosomes, unable to escape and productively infect cells.
However, other roles of MG-132, such as its involvement in autophagy or inhibition of
other proteases, could also explain the inhibitory cascade effects on the entry of many

endocytosed viruses (289, 290).

In addition, endosome trafficking is orchestrated by the MT network and requires a
temperature above 20°C. LEs undergo a net movement towards the perinuclear region,
and the fusion of LEs with other LEs and with lysosomes is coordinated by MTs.
Treatment with nocodazole and colcemid, both of which interfere with functional MT
polymerization, hampered TOSV infection. Similar levels of inhibition were observed for
UUKYV and IAV, as such drugs often do not completely abolish, but rather delay, cargo
transport to mature LEs and lysosomes (174, 291). At temperatures between 16°C and
20°C, endocytosis and recycling still function, albeit at reduced rates, while LE maturation
and trafficking to lysosomes is completely impaired. Such low temperatures also totally
block TOSV entry, suggesting that it relies on delivery to LEs. In contrast, SFV, a virus
that fuses from early endosomal membranes, can still penetrate and infect cells likely

because EE trafficking is not impaired at lower temperatures.

Other phenuiviruses are strictly dependent on the acidity encountered in LEs to trigger
their membrane fusion. My investigations with agents that elevate endosomal pH such as
lysosomotropic weak bases and vATPase inhibitors evidently showed that TOSV uses the
same strategy. These agents block acidification by neutralizing the acidity or prevent
pumping of protons into the endosomal lumen. A further evidence was that TOSV can
fuse at the plasma membrane upon acidification at pH values typical of LEs. This low pH

is similar to the fusion pH threshold reported for other phenuiviruses such as UUKV,

124



RVFV, and DABV with pH 5.4, 5.7, and 5.6, respectively (120, 173, 174). The pH
threshold for fusion of TOSV and other phenuiviruses is slightly lower compared to other
members of the order Bunyavirales such as the nairovirus Crimean-Congo hemorrhagic
fever virus (pH 6.0) (292), the orthobunyaviruses La Crosse virus (pH 6.0 - 6.2) (293, 294)
and Germiston virus (pH 6.0) (250), or the hantaviruses Andes virus (pH 5.8 — 6.0) (295,
296) and Hantaan virus (pH 6.3) (297). These higher pH thresholds of nairo- and
orthobunyaviruses, may be indicative towards a penetration already from EEs, while
phenuiviruses rather penetrate from LEs or downstream organelles. However, further
investigations on nairo- and orthobunyaviruses are required to determine the cellular
localization of fusion. Another indication that TOSV penetration occurs from LEs is the
timing of the virus to pass the acid-dependent step, i.e., it lasts 15 min for the surface-
bound viruses to be internalized and penetrate the cytosol. Typically, cargo reach LEs in
15-25 min. The time frame of TOSV penetration was similar to that of the closely related
RVFV and UUKYV, the half-maximal penetration of which is 12-20 min (120, 174), but
faster than DABV, which belongs to a different genus in Phenuiviridae and required

approximately 60 min (173).

Although their penetration time span 12-60 min, phenuiviruses are evidently all L-PVs. L-
PVs are a diverse group of endocytosed viruses that all share the requirement for LE
maturation for penetration. Late penetration may confer various advantages to viruses
such as helping to pass through the barrier formed by the cortical cytoskeleton, allowing
the delivery of the viral genome nearby to the ER and Golgi often exploited by viruses for
replication, or escaping host defenses. In addition, in comparison to viruses that fuse at
the cell surface, endocytosed viruses do not leave traces of viral proteins at the plasma
membrane and thus avoid, at least in part, immune detection. In contrast, early-
penetrating viruses (E-PVs) generally enter host cells from EEs within 3-8 min (93) and
fuse at pH values typical of those within EEs, i.e., above 6.0, and therefore do not rely on

LE maturation for infection.

Altogether my data indicated that TOSV can be confidently considered as a L-PV. TOSV
shares many features with other L-PVs, such as (i) trafficking within LEs, (ii) pH for fusion
below 6, (iii) penetration that lasts longer than 10 min, (iv) sensitivity to perturbants of LE
trafficking and maturation, and (v) dependence on temperatures above 20°C. A
comprehensive view of the TOSV entry program in mammalian cells is proposed in

Figure 51.
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Figure 51. TOSV enters cells by acid-activated membrane fusion from late endosomes.

Internalized TOSV particles traffic within Rab5a+ early, and Rab7a+ and LAMP1+ late endosomal
vesicles. TOSV relied on functional late endosome maturation that could be blocked by Rab5a and
Rab7a mutants, MG-132, low temperature and inhibitors of microtubule. TOSV infection was
sensitive to inhibitors of vATPase, such as bafilomycin A1 or concanamycin B, and penetrated host

cells from late endosomes by by acid-activated membrane fusion at pH 5.5, 16 min after warming

samples to 37°C. The figure is modified from (298).

In my investigation, TOSV was produced from mammalian cells and | examined the entry
process of these viruses essentially in human cells. However, TOSV is an arbovirus and
as such has a dual life cycle in sand fly vectors and mammalian hosts. The mechanisms

used by TOSV to enter sand fly cells could significantly differ and remain largely to be
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investigated. The cell biology of arthropod cells contrasts with that of human cells and
other mammalian cells in terms of growing temperature, i.e., 28 °C, lipids, glycans, etc.
Further studies are also needed to determine whether TOSV produced from sand fly cells
enters and infects mammalian cells following the same infectious entry program that is
counterpart derived from mammalian cells. Indeed, the structural organization and
composition of viral particles produced from sand fly cells could significantly differ from
those originating from mammalian cells in terms of lipid composition, glycans, genome
editing, etc. Such differences were observed for the tick-borne UUKV depending on

whether the virus was amplified in tick or mammalian cells (260).

4.2 TOSV makes an atypical use of vacuolar acidity

In the case of phenuiviruses, viral fusion is mediated by the glycoprotein Gc. The X-ray
structure has been solved for the Gc proteins of several phenuiviruses, namely RVFV,
DABV, and HRTV in pre- and post-fusion conformations (142-145). From these
structures, Gc appeared to adopt a similar fold than that of class-Il fusion proteins as the
envelope glycoprotein E1 of alphaviruses or E protein of flaviviruses. Although it remains
to be determined experimentally by X-ray crystallography, our prediction of TOSV Gc
structure with AlphaFold models suggested that TOSV is likely a member of class-II

viruses (269).

Class-Il fusion proteins are classically activated upon acidification. Using complementary
approaches, i.e., bypass assay and R18-based fusion assay, | could show that the fusion
and penetration of cell surface-bound TOSV could be achieved at the plasma membrane
very quickly by artificially lowering the pH of outer medium. Evidently, acidification is
necessary and sufficient to induce conformational rearrangements in TOSV Gc so that it
switches from the pre- to post-fusion state that mediates fusion of the viral membrane with

the plasma membrane.

At pH 5.0, the TOSYV fusion step itself occurred in less than 30 sec, suggesting that fusion
is a rapid process. The kinetic of acid-activated membrane fusion is slower than for UUKV
that occurs within a few seconds (131) but in a similar time frame as shown for hanta- and
flaviviruses (133, 299-301). Individual kinetics might be influenced by exact pH, and
curvature and composition of target membrane of different studies. TOSV fusion could
occur at less acidic pH when the exposure time was increased. While fusion occurs

rapidly at pH <5.5, some fusion events also occurred at pH 5.8, albeit with slower kinetics.
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This suggests a greater versatility in the fusion process with respect to pH, and may
indicate that the virus becomes more potent for fusion as it progresses through the

endocytic machinery of the host cell.

The R18-based fusion model was a good correlate with fusion, although it could be in part
only hemi-fusion. Therefore, it would be interesting to address whether a pH of 5.8 would
also allow complete fusion pore formation and enlargement. This could be addressed by
using viral particles labeled with an autoquenched content buffer as recently shown for
IAV (302). Thus, an increase in fluorescence would only occur upon fusion pore formation
and dilution of the autoquenched buffer into target cells. Monitoring the fusion of single
particles by microscopy would ideally complete this approach and provide further

information on the cellular location from which viral fusion occurs.

The rearrangements in other class-Il fusion proteins have been proposed to rely on
several conserved histidines that may act as a pH switch (113, 119, 120). Upon
acidification, histidines become protonated, allowing attractive or repulsive forces into the
glycoprotein that can destabilize the pre-fusion or stabilize the post-fusion conformation.

The role of switch histidines in the rearrangement of TOSV Gc remains to be examined.

However, a number of studies have also shown that the lipid species in the target
membranes can influence the fusion of class-Il fusion proteins. Fusion of UUKV was
facilitated by the presence of phospholipids with negatively charged headgroups, as in
BMP, which are enriched in LEs (131). A similar requirement for anionic lipids has been
demonstrated for the flavivirus DENV (132). The hantavirus Andes virus and the
alphavirus SFV showed a dependence on cholesterol in the target membrane (128, 130),
while the alphavirus Sindbis virus required both cholesterol and sphingomyelin (303).
Structural analysis of RVFV Gc revealed a glycerophospholipid-binding pocket conserved
in other arboviruses of the alpha- and flavivirus families (143). Another recent report
suggested a binding pocket for glycosylceramide in DABV and HRTV Gc (304).
Interestingly, our group showed that TOSV is also dependent on glycosylceramide for

infectious entry (305).

In addition, some class-II fusion proteins require additional factors for fusion. In recent
years, an increasing number of bunyaviruses have been proposed to require elevated
levels of K* for infection and fusion (135, 250, 306—308). The switch from Na* to K* ions in
maturing endosomes was also shown to promote uncoating of 1AV (309). Thus, different
ion concentrations can be important for viral entry during the fusion process but also for
the next step of genome release. Some studies suggest that bunyaviruses, LACV and

DABV, also require serine protease activity (162), while others do not (250). In these
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cases, however, it is not clear whether the serine protease activity acts directly on viral
proteins or on host factors. The role of specific lipids or ion concentrations in TOSV fusion

remains to be evaluated.

Previous reports suggested that the fusion process mediated by class-I and class-II fusion
proteins is irreversible and fusion proteins act only once (105). Exposure of viral particles
to the pH threshold for fusion in the absence of a target membrane leads to inactivation
(303, 310-313). TOSV could not be inactivated by low pH treatments. In fact, acidic
pretreatment of TOSV in a range of pH between 6.5 and 6.0 resulted in the increase of
infection. At such pH values, TOSV binding was also enhanced. The fact that binding was
enhanced although the pH of virus samples was elevated to pH 7 after low pH
pretreatment suggests an irreversible conformational change in the Gn/Gc heterodimer in
the glycoproteins, e.g. a lateral movement of Gn away from Gc, which favored binding. An
increase in binding at lower pH was also observed for SFV, with the optimal pH depending
on the cell line used (314). Low pH treatment could lead to dissociation of Gn/ Gc
heterodimers and unmask epitopes with increased affinity to receptors. However, it
remains to be determined whether acidic pretreatment followed by re-neutralization
involves changes in phenuivirus Gn, Gc, or both. Several receptors and attachment
factors have been proposed for TOSV, including the C-type lectin receptors DC-SIGN and
L-SIGN, and the glucosaminoglycan heparan sulfate (160, 161, 169). Still, it is not clear
whether binding occurs through Gn, Gc, or an interface shared by both, and whether
different receptors share the same binding site. It is also likely that the list of receptors is

not complete.

Similar to TOSV, pretreatment of other bunyaviruses at very low pH did not result in their
inactivation. In contrast, infection of SFV that has a class-II fusion protein and IAV that has
a class-I fusion protein was almost completely abolished by low pH pretreatment. This is
consistent with previously reported studies showing that SFV and IAV particles rapidly lost
their ability to fuse with target membranes when incubated at low pH in the absence of
target membranes (310, 311, 315, 316). My results indicated that bunyaviruses have in
common that their fusion machinery is not inactivated upon acidic exposure. The fusion
mechanisms involved in the bunyavirus infectious entry are evidently more complex than
those of other class-Il fusion viruses. Further experimental investigations will be required
to elucidate the molecular mechanisms beyond and evaluate the importance of Gn in this
process. However, one can postulate that the fusion process is a multi-step mechanism
involving irreversible and reversible conformational changes. Single particle kinetic studies
of flavivirus fusion suggest that sequential conformational rearrangements occur in class-II

fusion proteins. Dimer dissociation and fusion loop exposure appear to be rapid and
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reversible, whereas trimerization and irreversible membrane binding are slower and are

the rate-limiting steps during fusion (300).

When TOSV was first exposed to mildly acidic pH, fusion occurred faster, and the fusion
pH threshold increased. It is tempting to speculate that such stepwise acidification, which
also occurs during passage through EEs to LEs, primes the activation of TOSV fusion at
lower pHs in LEs. It remains to be investigated whether acidification also induces dimer
dissociation in phenuivirus G¢ and what intermediate conformations are adopted by Gn
and Gc during such priming by mildly acidic pH. | observed differences in the capacity of
pre-activated TOSV to infect cell lines. This suggests different requirements or entry
mechanisms that depend on the target cell type. Possibilities could be different expression
of receptors, additional endosomal cofactors or different endosomal lipid composition that
could interact with pretreated glycoproteins. Hence, the molecular and cellular
mechanisms that underly why TOSV pretreated at low pH efficiently enters A549 cells but

less BHK-21 and Vero cells requires further investigation.

SFV also harbors a pH-sensitive class-Il fusion protein, but is otherwise unrelated to
TOSV. SFV undergoes acid-activated membrane fusion at pH 6.0 (104). In contrast to
TOSV, SFV lost 97% of its infectivity in BHK-21 cells when pretreated at pH 5.5. This is
consistent with previously reported studies (315, 316) and similar inactivation has been
reported for Sindbis virus, another alphavirus (303). This may indicate that TOSV is more
resistant to pH pretreatment than alphaviruses. However, another report provided
conflicting information and suggested that inactivation of SFV by low pH is reversible
(317). Flaviviruses also undergo pH-dependent fusion with their class-1l fusion protein.
However, while West Nile virus and tick-borne encephalitis virus lost their fusogenic
potential after exposure to low pH (313, 318), DENV was reported to retain its fusogenic
property at low pH in the absence of anionic lipids in the target cell membrane (132).
These examples of non-inactivated viruses, including bunyaviruses, suggest that the
general hallmark that all class-Il fusion proteins are inactivated when exposed to an acidic
environment in the absence of a target membrane —in other words, these processes are
irreversible— needs to be revisited. Future studies could be addressed to investigate the
role of the accompanying proteins of class-Il fusion proteins, namely Gn of bunyaviruses,

E2 of alphaviruses, and M protein of flaviviruses, during priming and activation of fusion.

Because crystal structures only provide information about specific and stable
conformations of proteins, it is difficult to capture the dynamic nature of viral fusion
proteins. In addition, conformational changes in fusion proteins could be studied using

cryo-electron tomography, single-molecule Foérster resonance energy transfer (smFRET),
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or epitope exposure. Fusion loop exposure could be tested by co-floatation studies of
virus and liposomes. In addition, single-virus fusion assays with lipid mixing or transfer of
a content marker and analysis by fluorescence microscopy approaches could be a next

milestone in phenuivirus fusion research.

4.3 SARS-CoV-2 uses multiple distinct pathways to enter host cells

Prior to my work, several host cell proteases have been proposed to be involved in the
activation of S and thus in the entry of SARS-CoV and SARS-CoV-2. These include furin,
TMPRSS2, and cathepsin L. Since furin is essentially expressed in the Golgi network, its
role in processing S most likely occurs during synthesis in producer cells. Therefore, |
limited my study mainly to the role of TMPRSS2 and cathepsin L, which are primarily
located at the plasma membrane and in lysosomes, respectively. Using several cell lines
based on lung, intestinal, and kidney epithelial cells, | analyzed entry from proteolytic

activation to membrane fusion.

| was able to show that entry of SARS-CoV-2 into cells could be blocked by inhibitors of
TMPRSS2 even when cathepsin L was expressed, indicating that the TMPRSS2-
dependent entry pathway is preferentially used by the virus. When TMPRSS2 is
expressed, the proteolytic cleavage-sensitive step is mostly completed within the first
10 min. In addition, SARS-CoV-2 infection was not affected by inhibitors of either vacuolar

acidification or LE maturation.

In contrast, when cells lacked TMPRSS2 expression, cathepsin L-dependent proteolytic
cleavage was completed approximately 60 min after entry. This is consistent with the time
required for cargo to be trafficked from the plasma membrane to endolysosomes (88).
SARS-CoV-2 infection was also dependent on vacuolar acidification and LE maturation.
Thus, in cells lacking TMPRSS2, SARS-CoV-2 shared several features with other late-
penetrating viruses such as TOSV. Infection was sensitive to perturbants of LE maturation
and relied on intact MT and proper late endosomal sorting. Similar to SARS-CoV-2, the
proteasomal inhibitor MG-132 was shown to block entry of many other L-PVs. The reason
may be that the drug interferes with ubiquitin-dependent sorting within LEs (90).
Interestingly, the MG-132-sensitive and acidification-dependent step showed a kinetic
similar to that of cathepsin L activation and occurred within approximately 40-60 min after
entry. Structural and biochemical analyses indicated that MG-132 may also act directly on
cathepsin L activity, thereby blocking entry via the late pathway (319). This could explain
the same kinetic of inhibition by MG-132 and the cathepsin L inhibitor SB412515 and why
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MG-132 has an ICsp value in the nanomolar range in TMPRSS2- cells while it is rather in

the micromolar range for other L-PVs.
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Figure 52. SARS-CoV-2 uses multiple pathways to enter host cells.

When cells expressed the serine protease TMPRSS2 on the cell surface, Spike of SARS-CoV-2 is
cleaved within 5-10 min and penetration occurs in a pH-independent manner at the plasma
membrane or rapidly after uptake. In cells lacking TMPRSS2, SARS-CoV-2 particles enter cells by
receptor-mediated endocytosis and traffic along the endosomal route to reach endolysosomes in
which the Spike protein is processed by acid-activated cathepsin L and the virus activated for
fusion. Thus, entry is slower, and infection is sensitive to inhibitors of vacuolar acidification, late
endosome maturation, and cathepsin L. ACE2, angiotensin-converting enzyme 2; TMPRSS2,

transmembrane protease serine 2. The figure was adapted from (264).

My data, combined with other reports indicate that SARS-CoV, MERS-CoV, and SARS-
CoV-2 have evolved multiple pathways to enter and infect cells (Figure 52) (198). This
shows great flexibility in the use of host cell factors and may allow the virus to enter even
when one pathway is not present in target cells, and thereby, expand tissue and species
tropism. For these viruses, the entry pathway depends largely on the expression of

proteases. My results show that both TMPRSS2 and cathepsin L play important roles in
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SARS-CoV-2 entry, which is in agreement with other reports on SARS-CoV and SARS-
CoV-2 (183, 205, 320-322). However, the TMPRSS2-dependent fast entry pathway
appears to be preferred over the slower cathepsin L-dependent pathway, consistent with
other reports (183, 323, 324). Interestingly, more infectious viral progeny was released
from cells expressing TMPRSS2. A similar preference for the TMPRSS2 pathway and
higher productivity was also shown for other human coronaviruses, such as HCoV-229E,
HCoV-0C43, and HCoV-HKU1 (325, 326). Another study also reported that the TMPRSS
family but not the cathepsin L pathway is linked to pathogenesis of SARS-CoV in mice
(327).

Several other studies have also shown that SARS-CoV-2 is dependent on vacuolar
acidification in various TMPRSS2- cell lines (183, 323, 328). While the slow entry pathway
leads to fusion from endolysosomes, it is still not completely clear where fusion occurs in
the early pathway. It is widely believed that fusion occurs directly at the plasma
membrane. However, recent studies also suggest that fusion may occur shortly after
uptake from intracellular compartments such as EEs (329). Trafficking of labeled virus
particles into cells and co-localization with various endosomal markers, similar to those |
developed during my PhD study, would be of great interest in future experiments to
analyze from which compartment SARS-CoV-2 enters host cells regardless of the

protease expression profile.

Several new variants emerged during the pandemic. Initial data suggest that the Delta
variant may rely less on the TMPRSS2-dependent pathway than the original Wuhan
strain. However, both entry pathways appear to be used by Delta. Other reports, mostly
based on SARS-CoV-2 pseudotyped particles, failed to find differences in entry
requirements between Delta and Wuhan strains (329, 330). One explanation could be that
pseudotyped particles bud from the plasma membrane and may not have undergone the
same proteolytic processing as authentic SARS-CoV-2, which bud from ERGIC. Recent
reports also suggest that Omicron appears to be more dependent on endosomal entry
than on the TMPRSS2-dependent pathway. The H655Y substitution in Omicron S was
proposed to be associated with stabilization of the S trimer and a preference for the late
entry pathway (330-333). In previous variants, the endosomal pathway was less favored
due to endosomal restriction factors, as the interferon-induced transmembrane protein 2
(IFITM2) or lymphocyte antigen 6 complex, locus E (LYBE) (334, 335). A recent pre-print
suggested that Omicron has evolved to circumvent these restrictions (336), allowing
infection of a wider range of cells through a TMPRSS2-independent entry pathway, most
likely the cathepsin pathway. This also led to a change in tissue tropism. Whereas the

original strain and previous variants were associated with replication in the lower
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respiratory tract where TMPRSS2 is predominantly expressed, Omicron appears to prefer
replication in the upper respiratory tract that is linked to a higher expression of ACE2 (337)
and is also associated with increased human-to-human transmission. However, also other
proteases have been proposed to take over the roles of cathepsin L and TMPRSS2 in
mediating the entry of the newer variants, which in turn can be exploited by the variants to

extend their cellular tropism in vivo (will be discussed in more details below).

4.4 Fusion triggering mechanism of SARS-CoV-2

The S protein of coronaviruses has to be processed by host cell proteases in two steps at
two sites, i.e., (i) a priming step with the cleavage at the S1/S2 interface and (ii) an
activation cleavage step at S2' just upstream of the fusion peptide. SARS-CoV-2
possesses a multibasic furin cleavage site motif (RRAR) at S1/S2 that would allow
cleavage of newly synthesized S by furin in producer cells prior to particle release. The
RRAR motif in SARS-CoV-2 differs from the canonical furin cleavage site RX(R/K)R. Such
multibasic furin cleavage motifs at the S1/S2 junction are missing in SARS-CoV and
SARS-related coronaviruses that raised the question about its natural origin (338).
However, several other betacoronaviruses have furin cleavage sites at the S1/S2 junction,
such as MERS-CoV that carries a RSVR furin cleavage site, suggesting that furin
cleavage sites occurred independently in multiple coronaviruses during the evolution of

the coronavirus family (339).

Several reports have shown that the SARS-CoV-2 particles and pseudoparticles that are
released in the outer medium are processed at S1/S2 (179, 205, 322, 340, 341).
However, the efficiency of cleavage varies widely between different reports and different
producer cell lines. Here, | could show that about one third of the S is already cleaved at

S1/S2 when authentic SARS-CoV-2 particles are released from Vero cells.

Further processing of SARS-CoV-2 with exogenous furin did not increase infection or
syncytia formation, indicating that furin processing was not sufficient to activate S. This is
in agreement with other reports showing that although inhibition of furin abolished S
processing at the S1/S2 interface (322, 342), furin did not appear to be essential for viral
entry (343). It was reported that SARS-CoV-2 variants disrupted for the multi-basic
cleavage site at the S1/S2 junction entered cells via the late pathway (344). This suggests
that the furin cleavage site is required for the TMPRSS2-dependent early entry pathway,
whereas it is dispensable for the cathepsin L-dependent late entry pathway. This is
consistent with the observation that the furin cleavage site is lost after several passages of
SARS-CoV-2 in TMPRSS2-deficient cells such as Vero cells (345). It has been suggested
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that the furin cleavage site causes instability in S, which may lead to the shedding of the
S1 domain prior to receptor engagement and thus inactivation of the virus (346). During
the evolution of variants, residues adjacent to the furin cleavage site were mutated,
including P681H in Alpha and Omicron or P681R in Delta, which rendered S1/S2
susceptible to additional proteases or increased processing by furin (347-349). Thus,
Alpha and Delta variants show increased syncytia formation and use the TMPRSS2 entry
pathway, while Omicron evolved by accumulating additional mutations such as H655Y, a

mutation linked to reduced syncytia formation and TMPRSS2 usage (347, 350).

In target cells, the plasma membrane-located serine protease TMPRSS2 can cleave S at
its S2' site after a single arginine residue (205). However, it is uncertain whether
TMPRSS2 can also cleave at the S1/S2 site (205, 206). The observation that viruses
mutated for the furin cleavage site enter only via the late TMPRSS2-independent pathway
rather supports that TMPRSS2 cleaves only at S2’ site (344).

Another protease proposed to process SARS-CoV-2 S is cathepsin L. It is a cysteine
protease that preferentially cleaves at peptide bonds with non-polar, aromatic residues
(351). Cathepsin L has predicted cleavage sites near the polybasic site at S1/S2 and near
the TMPRSS2 cleavage site at S2' (210). Thus, this protease has the ability to process
both S1/S2 and S2’ sites, allowing entry of uncleaved S via the late entry pathway,
independent of furin and TMPRSS2. In general, two additional cleavage sites in the S1
subunit have been shown experimentally (352). However, since cleavage by cathepsin L

is rather non-specific, the exact cleavage sites remain to be determined.

In a simplified model, when S is cleaved by furin in producing cells, it could enter cells via
the fast and slow pathways, although the TMPRSS2-mediated fast entry pathway seems
to be preferred. In addition, it was proposed that S cleaved at S1/S2 would promote
binding to ACEZ2, likely because S adopts the receptor accessible “up” conformation.
Conversely, if S at the S1/S2 interface is not cleaved by furin, TMPRSS2 is prevented
from cleaving at the activating S2’ position. Consequently, virions bind to the receptor and
enter cells by endocytosis before they reach endolysosomes where S is cleaved at S1/S2
and S2' positions by cathepsin L. It has been hypothesized that the furin site in S has
evolved upon the selective pressure of proteases in target cells, since TMPRSS2 may
have been too inefficient in cleaving at the S1/S2 junction, or cathepsin L, that was
overdigesting S due to a lower substrate specificity (346). Thus, the rate of specific

processing may have been increased at the expense of decreased stability of S.

The real mechanisms are likely more complex. Other proteases may be involved in the

two proteolytic S cleavages such as extracellular or cell-surface proteases that may
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contribute to the cleavage at S1/S2. Besides TMPRSS2, several other members of the
type-Il transmembrane proteases have been proposed to promote SARS-CoV-2 entry and
the cleavage of S, such as TMPRSS11D (353, 354), TMPRSS11E (354), TMPRSS11F
(354), TMPRSS24 (355), or TMPRSS13 (353, 354, 356). In addition, several secreted
proteases have been shown to cleave SARS-CoV-2 S, such as the secreted
metalloproteases ADAM10 and ADAM17 (357) or serum coagulation factors such as
factor Xa and thrombin (358, 359). However, not every protease facilitates entry, as
recently shown for factor Xa-mediated cleavage of SARS-CoV-2 S, which blocks viral
entry (360). It remains to be investigated at which sites S is cleaved by these proteases
and how they contribute to the entry of SARS-CoV-2.

Processing of S with trypsin prior to addition to cells results in almost 100% cleavage at
S1/S2 and increased entry into cells. Proteolytic pretreatment with trypsin also rendered
entry into TMPRSS2-deficient cells independent of vacuolar acidification and cathepsin L
activity. In addition, thermolysin, which cleaves ebolavirus GP protein similarly to
cathepsin L, is functional at neutral pH (284) and thus allows the study of the cathepsin L-
proteolytic processing independently of pH. Thermolysin was previously shown to cleave
the S protein of SARS-CoV and to promote the cell entry of this virus (283). Here, |
showed that pre-treatment of SARS-CoV-2 particles with thermolysin, like trypsin, also
resulted in acidification- and cathepsin L-independent entry into cells lacking TMPRSS2
expression. Thermolysin was even more effective than trypsin in bypassing the need for
vacuolar acidification. This might indicate that trypsin and thermolysin, hence also
cathepsin L, do not cleave at the same site in S. Overall, further functional investigations
are needed to better define the proteolytic process of the spike during the virus entry

process.

A recent study showed single viral fusion events of SARS-CoV-2 pseudotyped particles.
This report proposes that the SARS-CoV-2 fusion is insensitive to the exact identity of the
protease and is also insensitive to whether activation occurs before or after receptor
binding (361). The authors also postulate that if extracellular or cell surface proteolytic
cleavage is rapid, entry tends to occur at the plasma membrane, whereas if extracellular
and cell surface proteolysis is slow, entry is most likely to occur within endosomes after
uptake. This is in agreement with my own results, which showed that cleavage of S by
TMPRSS2 occurs within 5-10 min. As other unrelated viruses already penetrate from EEs
within 3-8 min (103, 104), this kinetic might raise the question whether cleavage by
TMPRSS2 and fusion rather occurs in EEs than at the plasma membrane. However, the
dynamics of internalization and the exact localization of TMPRSS2 cleavage remains to

be investigated.
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To determine whether additional environmental cues besides proteolytic activation, such
as acidification, are required for SARS-CoV-2 membrane fusion, | developed a cell-cell
fusion assay. The formation of multinucleated pneumocytes has previously been observed
in patients who died from COVID-19 (76, 362). In general, syncytia are large
multinucleated cells in which the plasma membrane has fused and the cytoplasmic
contents have been mixed. Syncytia formation as a result of viral infection in vivo and in
vitro has also been reported by other viruses from a wide range of viral families such as
Herpesviridae, Paramyxoviridae, or Retroviridae (362). Syncytia formation for these
viruses contributes to pathogenesis and may facilitate viral replication and spread. In
addition, it may help evade the immune system by protecting the virus from immune cells
and neutralizing antibodies. To which extent the syncytia formation during SARS-CoV-2
infection contributes to the disease outcome will require further experimental

investigations.

As SARS-CoV-2 patrticles assemble and bud from ER and Golgi compartments, the
guestion arose how S could promote cell-cell fusion at the plasma membrane. Several
studies have shown that in addition to its subcellular localization in the ER and Golgi, S
can also be found on the surface of infected cells (363, 364). Analysis of the cytoplasmic
tail of S then showed that the retention signals for transport to the ER and Golgi were
suboptimal and might explain why S tends to leave the ER and leak to the cell surface
(365). Cell surface-resident S could then interact with ACE2 and other host factors of
neighboring cells, leading to cell-cell fusion. In addition, S promoted the expression of the
scramblase TMEM16F, which translocated phosphatidylserine from the plasma
membrane to the outer lipid layer, further promoting fusion (76). However, it remains to be
investigated whether S present on the cell surface was processed proteolytically in the

same way as S decorating viral particles.

Several SARS-CoV-2 variants were also associated with an altered ability to induce
syncytia formation. The D614G mutation was found to increase syncytia formation
compared to the Wuhan strain (348, 366). In addition, Alpha and Delta showed increased
cell-cell fusion activity compared to the D614G variant, which was proposed to be related
to a single mutation in S, P681H/R (347, 348, 367). On the contrary, Omicron seemed to
induce less syncytia formation while surface expression of S was unaltered compared to
Wuhan and Delta strain (330, 332, 368). This reduced cell-cell fusion activity was linked to
another single mutation, H655Y. Interestingly, this mutation was also found to be
associated with a reduced use of TMPRSS2 by the virus (331).
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Here, the ability of SARS-CoV-2 to mediate cell-cell fusion was used as a surrogate to
analyze the effect of acidification on the fusion process. | observed very little syncytia
formation in Vero cells and A549-ACE2 cells, which both lack TMPRSS2 expression.
However, expression of TMPRSS2 in A549-ACE2 cells greatly enhanced syncytia
formation that could be reversed by blocking TMPRSS2. Moreover, the addition of
exogenous trypsin to SARS-CoV-2 infected Vero or A549-ACE2 cells induced a large
formation of syncytia with large multinucleated cells, with sometimes more than a hundred
nuclei clustered together. My results showed that the addition of exogenous furin failed to
promote further syncytia formation, reinforcing the view that furin cleavage alone is not
sufficient to proteolytically activate S. Together, these observations are consistent with a
model in which furin can only cleave at the S1/S2 site and other host cell proteases, e.g.,
TMPRSS2, are required to cleave at the S2' site and activate S (369). Whether cell-

surface proteases are necessary in donor or acceptor cells remains to be determined.

Exposure to low pH in the absence of proteases did not result in syncytia formation,
suggesting that acidification alone is not sufficient to trigger S mediated fusion.
Interestingly, co-treatment of low pH in combination with protease did not result in an
increase in syncytia formation compared to protease treatment alone. First, this indicated
that there is no additional supportive effect of low pH treatment on SARS-CoV-2 fusion.
Next, this demonstrated that fusion is not dependent on acidification and that proteolytic
processing is necessary and sufficient to induce fusion. The cell-cell fusion activity in
A549-ACE2 cells was higher than in Vero cells. This may indicate the presence of other
proteases on the cell surface of A549* cells that could process S and are absent in Vero

cells.

From my results, acidification appeared to be important for the activity of cathepsin L that
mediates the proteolytic activation of S, but not directly for the fusion mechanism
themselves. In contrast, acidification was dispensable for fusion and infectious entry when
(i) TMPRSS2+ cells were infected or (i) SARS-CoV-2 particles are activated with
exogenous proteases prior to infection. Same conclusions were reached by others (323,
343, 364). A recent study questions this model (329). The authors used VSV pseudotyped
with S from SARS-CoV-2, and in their experimental settings, they observed that
acidification to only pH 6.8 is required for fusion. In this investigation, the authors used
particles labeled for SARS-CoV-2 S at the virion surface (ATTO565) and the VSV
phosphoprotein tagged with EGFP inside virions. In this model, until particles were intact
and have not fused during intracellular trafficking, they appear in yellow (result from the
colocalization of both signals red and green), and then in green after fusion. This system

allowed the authors to image single fusion event in cells by fluorescence confocal
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microscopy. The authors claimed that the number of S-trimers at the cell-cell interface in
the cell-cell fusion assay is much higher than at the virus-cell interface. Thus, the low
probability of fusion events at neutral pH may be sufficient to allow fusion between
adjacent cells. However, these results are not supported by the many publications
showing that in TMPRSS2+ cells, continuous presence of agents neutralizing endosomal
pH could not completely block infection with authentic SARS-CoV-2 particles or inhibit
syncytia formation. Cell type-specific effects, expression levels of proteases, or the use of
pseudotyped particles versus authentic virus could also explain the observed differences

in acidification requirements.

4.5 Role of TMPRSS2 in cleaving ACE2

My preliminary results indicated that the cell surface expression of ACE2 decreased when
TMPRSS2 was overexpressed, which also correlated with decreased SARS-CoV-2
binding to the cell surface. Previous reports showed that not only S of SARS-CoV-2, but
also its receptor ACE2 can be cleaved at two different sites on the cell surface by
TMPRSS2 and the matrix metalloproteinase ADAM17 (285, 370, 371). The cleavage
results in the release of a soluble, enzymatically active form of ACE2, termed sACE2.
Recently, two matrix metalloproteinases, MT1-MMP and ADAM10, have also been
proposed to be involved in ACE2 shedding (372, 373). Cleavage of ACE2 by TMPRSS2,
but not ADAM17, resulted in increased viral uptake of SARS-CoV (285). Together these
observations indicate that SARS-CoV-2 binds more efficiently to cleaved ACE2 and thus
highlight the importance of ACE2 cleavage in SARS-CoV-2. Recently, SACE2 was shown
to bind SARS-CoV-2 and mediate its entry via interaction with AT1 or AVPR1B (374, 375).
Still, the details mechanisms underlying this first step in SARS-CoV-2 entry must be

elucidated.

For instance, it remains to be determined which version of ACE2, shed or membrane-
bound, is involved in SARS-CoV-2 entry. It is tempting to speculate that the viral protein S
is covered by soluble ACE2 after shedding of ACE2-SARS-CoV-2 complexes, and thus,
that the viral particles are protected from neutralizing antibodies. Increased levels of
SACE2 were found in COVID-19 patients and correlated with disease severity (376). In
addition, shedding of ACE2 was promoted by pro-inflammatory cytokines, and it was
proposed that virus-sACE2 complexes could travel across vessels to infect additional
organs and tissues. Thus, a model has been proposed in which initial infection with
SARS-CoV-2 leads to pro-inflammatory cytokines that promote ACE2 shedding and

spread of SARS-CoV-2 to additional organs and tissues. However, it is not clear whether
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ACE2 shedding has a clear physiological role or is merely correlated with disease
severity. The circulation of virus-sACE2 complexes could allow entry into cell types that do
not express ACE2 and provide an explanation for entry and infection of cells lacking ACE2
expression in addition to the use of alternative receptors. Finally, the interplay between
pro-inflammatory cytokines, TMPRSS2, and ACE2 shedding will require further

investigations.

4.6 Conclusion

The goal of my PhD project was to provide a better understanding of the entry process of
two distinct zoonotic viruses. First, my work aimed to characterize the early stages of
TOSV in iPSC-derived human neurons and cell lines, from virus binding and
internalization to intracellular trafficking and membrane fusion. | could show that TOSV
rapidly enters cells and traffics along the endosomal pathway. Infection was dependent on
the transport to functional late endosomes from where TOSV penetrates host cells by
acid-activated membrane fusion. In contrast to other class-Il fusion proteins, the fusion
machinery of TOSV and other bunyaviruses could not be inactivated upon exposure to
low pH. This remarkable resistance might confer advantages to these viruses to find their
way in the endocytic machinery until reaching the right place to ensure fusion and then
productive infection of cells. Additionally, TOSV fusion showed a high versatility in the pH
values, as fusion could also be detected upon longer exposure at higher pH values than
the optimal pH. Furthermore, the progressive decrease in acidity in maturing endosomes
primed particles and a faster fusion could be observed at pH values found in LEs. Thus,
TOSV shares with the other phenuiviruses a similar entry route to infect host cells, i.e.,
they penetrate the cytosol by acid-activated membrane fusion from late endosomal

compartments.

My work on SARS-CoV-2 showed that the entry of the virus involves different host cell
proteases, which drive the pathway used by the virus to enter cells. In cells expressing
TMPRSS2, TMPRSS2 dictated the entry route. S was cleaved and activated at or nearby
the cell surface, and a fast, pH-independent productive entry followed. Alternatively, in
cells lacking TMPRSS2 expression, SARS-CoV-2 was endocytosed and sorted into the
degradative branch of the endocytic machinery. Then SARS-CoV-2 trafficked inside the
cells, likely within intracellular vesicles, until reaching endolysosomes. There, the acid-
dependent cathepsin L cleaved and activated the S protein, and in turn, viral fusion
occurred. The entry process was slower and relied on acidification because low pH is

critical for the activity of cathepsin L. To investigate the role of proteolytic processing and
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acidification directly on membrane fusion, | developed a cell-cell fusion assay. This
allowed me to demonstrate that proteolytic processing of S was necessary and sufficient
to induce fusion while acidification was only important for cathepsin activity. Thus, SARS-
CoV-2 shares with other coronaviruses, such as SARS-CoV and MERS-CoV, to use
multiple entry routes. Which of the entry routes is used by the virus largely depends on the

proteases expressed in target cells.

Collectively, my comprehensive study on TOSV and SARS-CoV-2 shows that both viruses
make an atypical use of vacuolar acidification. TOSV and other bunyaviruses undergo an
acid-activated membrane fusion, and show a remarkable adaptability to the acidic
environment in endosomal compartments. This advantage likely conferred bunyaviruses
to go through trial and errors on their way until they reach the appropriate endosomes to
fuse under optimal conditions. In contrast, SARS-CoV-2 fusion does not rely on pH itself,
but the protease cathepsin L that proteolytically processes S does. Thereby, SARS-CoV-2
shows a high versatility to different protease species. When S is not activated directly at
the cell surface, virions can enter cells and traffic to endolysosomes where the acidic
environment allows cathepsin L to activate membrane fusion. Thus, in TMPRSS2- cells,
SARS-CoV-2 and TOSV use a similar entry pathway, and depend on vacuolar
acidification and maturation of endosomes. However, while TOSV already escapes the
endocytic route from LEs by acid-activated membrane fusion, SARS-CoV-2 requires
further transport to endolysosomes where processing by cathepsin L triggers the fusion

process.

In sum, with this thesis, | sincerely hope | have been convincing about the biological
significance and importance of studying zoonotic emerging viruses. The WHO classified
twelve viruses as priority pathogens that pose the greatest public health risk due to their
epidemic potential or the insufficiency of countermeasures. They include eleven known
viruses and a pathogen causing disease X that represent a hypothetical, unknown
pathogen that could cause a future epidemic. All eleven named pathogens are of zoonotic
origin and include with SARS-CoV-2, SARS-CoV, and MERS-CoV three coronaviruses. In
addition, several arboviruses with a class-ll fusion machinery are listed such as the
bunyaviruses RVFV and Crimean-Congo hemorrhagic fever virus, and the flavivirus Zika
virus. Class-Il fusion viruses also include several dozen pathogenic isolates in humans
and domestic animals, most of which have no vaccines or treatments approved for human
use. In this respect, the entry process is an important step in the life cycle of viruses and
represents an interesting target for drug development. Hence, a deeper understanding of

the cell biology of virus entry is evidently required in future works aiming to prevent
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transmission, infection, and spread of zoonotic viruses, whose threats to human and

veterinary public health are increasing worldwide.
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