. O
C GEORG-AUGUST-UNIVERSITAT DPZ

GOTTINGEN

Analysis of the Cell Entry of Enveloped Viruses
and ldentification of Potential Intervention Strategies

Dissertation
for the award of the degree

“Doctor rerum naturalium”

of the Georg-August-Universitat Gottingen

within the doctoral program
Emerging Infectious Diseases (EIDIS)

of the Georg-August University School of Science (GAUSS)

submitted by
Bojan Fabio Hornich

from Berlin, Germany

Gottingen 2021



Thesis Committee
Dr. Alexander Hahn

Junior Research Group Herpesviruses, German Primate Center, Gottingen

Prof. Dr. Lutz Walter

Primate Genetics Laboratory, German Primate Center, Gottingen

Dr. Christiane Stahl-Hennig

Unit of Infection Models, German Primate Center, Géttingen

Members of the Examination Board
Referee: Dr. Alexander Hahn

Junior Research Group Herpesviruses, German Primate Center, Goéttingen

2nd Referee: Prof. Dr. Stefan Péhlmann
Infection Biology Unit, German Primate Center, Gottingen

Further members of the Examination Board

Prof. Dr. Lutz Walter

Primate Genetics Laboratory, German Primate Center, Gottingen

PD Dr. Michael Winkler

Infection Biology Unit, German Primate Center, Gottingen

Prof. Dr. Rudiger Behr

Platform Degenerative Diseases, German Primate Center, Géttingen

Prof. Dr. Christian Roos

Primate Genetics Laboratory, German Primate Center, Gottingen

Date of oral examination: 17.01.2022






Table of Contents

1
2

F N S TS T 7 X LSRR 1
INTRODUGCTION L.uiiiiiiiiiiiiiis e e s e e e e et e e et r e s e e et eeata bt eeeeeeeastaaa s seeesenstnansseeeeeessnrnnns 3
2.1 VIRAL BIOLOGY AND PATHOGENESIS .. .cetuuiiiiteeetet e e et e ettt e e e e et e e e e et e e eeaaeees st eeseaanaesesnnaeesean 3
2.1.1  The pandemic zoONOotiC VIrUS SARS-COV-2.......coiuiiiiiiiiieiiiiie et 3
2.1.2  The human oncogeniC VIrUS KSHV ..........oiiiiiiiiiiiii ettt 4
2.2 VIRAL REPLICATION CYCLE AND CELL-CELL FUSION ... .ccuuuiiiitieeeetieeeeei e eeeteeeeeteeeeeaa e eeeenneeeeean 5
2.3 VIRAL ENTRY AND CELLULAR RECEPTORS ....ceiiiiiiitiiieeeeeeetstttaeseeeseestntnnseeesssssntnnnasesssssssnnnneees 7
2.3.1  SARS-COV-2 BNIY i 7
2.3.2  KSHY BNITY e 9
2.4 VIRAL MEMBRANE FUSION ..euttuuiiieeiititttisieeesetstttaaieseeesesstnnnsseeesesssstnnesesesssstnnaaeessesssnnnnaees 11
2.4.1 SARS-CoV-2 Spike-mediated fUSION ..........occcuiiiiiei e e e e s e e e 12
2.4.2 gB the herpesvirus fusion Protein ..........cccceeveviiiie i 14
2.5 STRATEGIES TO PREVENT VIRAL ENTRY AND MEMBRANE FUSION ...uuuuiiieiiieiiiiieieeeeereesiieeeeeeeeenns 17
2.5.1 Inhibitors of viral membrane fUSION............uueiiii i 17
2.5.2  Host fusion preventors IFITMS. ...t 18
2.6 THESIS AIM. . euiiei e it e et e ettt e e e et et e et e e et e e et e e ta e e s e e et e e aa e eaaaetnseean e st esnseesneeetnrernneennns 21
PUBLICATIONS/RESULTS ...ttt e ettt e e e e e et e e e e e e s e esbaba s e e e e eeenaranns 22
3.1 PUBLICATION 1: SARS-CoV-2 AND SARS-CoV SPIKE-MEDIATED CELL-CELL FUSION DIFFER IN
THEIR REQUIREMENTS FOR RECEPTOR EXPRESSION AND PROTEOLYTIC ACTIVATION .....cvvviiiieiiieeinneens 22
3.2 PUBLICATION 2: INTERFERON-INDUCED TRANSMEMBRANE PROTEINS INHIBIT INFECTION BY THE
KAPOSI’'S SARCOMA-ASSOCIATED HERPESVIRUS AND THE RELATED RHESUS MONKEY RHADINOVIRUS IN A
CELL-SPECIFIC IMANNER. .. . ettt ettt e ettt e e e ette e e e st e e e eata e s e taaeee et e aeeatn et eannsaeeetanaaeeatnseeesnnneerstnnaeeennnsns 49
DISCUSSION . Lottt e e s e e e e e e ettt eeeeeeee st e seeeeeeesataan s aeeeessestatansaeeseeeanranns 75
4.1 PROTEOLYTIC ACTIVATION OF THE SARS-C0OV-2 SPIKE— IMPLICATIONS FOR PATHOGENESIS AND
CLINICAL INTERVENTION STRATEGIES. .. .ceevtttuuieeeeeteestasaeseeeseeesstsseseseessstansaseessesssaraseeesersrsrrsaeseessenns 75
4.1.1 The SARS-CoV-2 Spike— Contribution of syncytia formation and matrix-metalloprotease
activation to SARS-C0OV-2 PAtNOGENESIS .....ccciiiiiiiiiiiie e 75
4.1.2 Proteolytic fusion activation of the SARS-CoV-2 Spike has critical implications for clinical
11 (ST AVZ=T 0] 1o o 78
4.1.3 A potential role of Ambroxol in COVID-19 treatment.............uuvvrreivimieirinieieiiinrninnnininn. 80
4.2 DIFFERENTIAL ANTIVIRAL ACTIVITY OF IFITMS TOWARDS GAMMA-2-HERPESVIRUSES— HINTS TO
THE IFITM FUNCTION AND VIRAL EVASION STRATEGIES ... ciituueieiitiieeeittieeeeiieeeestaeeeesteesssnaeesstnaeasennnaaees 82
4.2.1 Differential effects of IFITMs on gamma-2-herpesviruses- Implications for the IFITM
function83
4.2.2 IFITM evasion of KSHV and RRV ...ttt e e e e 85
4.2.3 Viral adaptation to IFITMs and influence on in vivo importance ...........ccccccevvveeeiiiiieeeene 87
(@ 10 I 1 10 T ] R 90
L o ] N L O s T 92
N = N5 G A
7.1 (ISR 0 = 1] U =] =5 A
7.2 LIST OF ABBREVIATIONS ..vutuuuieeeeeiieettseeseesteressssnsseeesesssstasseseesseestasaseessersssranneeesesesstssaeeeessenes A
7.3 LIST OF PUBLICATIONS ... iittieeettiee ettt e e eettee e e e st e e e e et e e e st e e e e ataeesaaan e s stanaaseannsesesnnnaesstnaearesnnaaees D
7.4 CONFERENCE PARTICIPATIONS ... . ttttutetttieeeett e eeetteeeeeteeeeeat e e s saaaeesataeesasanaasssnnaasestnsaersnnnaareran D
7.5 ACKNOWLEDGEMENT ...etuiiiitieee ettt e e et e e e et aeeeeet e e e e et e e e et eeeesta e e eaaan e s s taaeeestnsaeeesaneessnnaaeerannns E

7.6 CURRICULUM VITAE 1uiitttiittittteeti et ettt eeae st e s st et st s st s e et et ab s e st e s an e s s b s e et et sbseta e ransesteernersnns F



Abstract

1 Abstract

Viruses are a continuous threat for the human population. They are causing
tremendous damage to human health and economy. Not only zoonotic viruses, which
jump from animals to humans, but also the spread of highly adapted human pathogens,
results in an increase of epidemics. To be prepared for future challenges it is necessary
to gain fundamental knowledge of viruses and utilize this knowledge to invent
applicable counteractions. Antiviral intervention is possible at several key points of the
viral replication cycle. Preventing already the entry of the virus into the host cell holds
great potential for effective treatment strategies, as it completely prevents virus
induced damage to the cell. We therefore investigated fundamental basics of the entry
and fusion mechanism as well as potential intervention strategies of two distinct
viruses, one zoonotic and recently emerged, the other one evolutionary ancient and

highly adapted.

First, we analyzed the viral surface glycoprotein Spike (S) of the recently emerged
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and compared it with
the Spike of the severe acute respiratory syndrome coronavirus (SARS-CoV). Both
viruses require the viral surface protein Spike, the cell surface receptor ACE2 and an
activating protease to enter the cell. We were able to show that SARS-CoV-2 Spike-
mediated cell-cell fusion was less dependent on the protease TMPRSS2 and more on
the receptor ACE2; Vice versa the SARS-CoV Spike-mediated cell-cell fusion was
more dependent on TMPRSS2 and less on ACE2 expression. We could show that this
observation was based on the fact that the SARS-CoV-2 Spike can be activated, in
addition to members of the transmembrane protease serine subtype (TMPRSS)-family
and cathepsins, by metalloproteases. The TMPRSS2-independent activation of the
Spike for cell-cell fusion and the ability of forming syncytia was related to the multibasic
cleavage motif present in the SARS-CoV-2 Spike. Furthermore, we identified a KR-
motif in the SARS-CoV-2 Spike subunit 2 (S2) as the key site for TMPRSS2 proteolytic
activation. While mutation of this site abolished any TMPRSS2-related activation, the
SARS-CoV-2 Spike was still proteolytically activated by metalloproteases for cell-cell
fusion and cathepsins for particle entry. In addition, we were able to identify the over-
the-counter medication Ambroxol as inhibitor of SARS-CoV-2 replication in Calu-3

cells.
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In contrast to the entry of SARS-CoV-2, the high degree of complexity of the entry of
Kaposi’'s sarcoma herpesvirus (KSHV) does not allow for a simple intervention. We
therefore analyzed the antiviral activity of the host cell broad-spectrum restriction
factors Interferon (IFN)-inducible transmembrane proteins (IFITMs) on the gamma-2-
herpesviruses KSHV and the closely related primate virus rhesus monkey rhadinovirus
(RRV). We were able to show that the entry of KSHV and RRYV is inhibited by IFITM1
in a cell-dependent manner. While knockout of IFITMs in cells of epithelial and
fibroblast origin enhanced KSHV and RRYV infection, IFITM-knockout in endothelial
cells remained without effect. We could furthermore show that in epithelial and
fibroblast cells, IFITM1 overexpression inhibited the KSHV and RRV infection more
effectively than IFITM2 and IFITM3. By showing that all IFITMs inhibit gamma-2-
herpesvirus glycoprotein-mediated cell-cell fusion and that KSHV partially evades this
restriction, likely by avoiding IFITM-positive compartments, we could contribute to the
understanding of the IFITM mechanism against the entry of enveloped viruses.

Taken together this thesis investigated fundamental basics of SARS-CoV-2 entry and
fusion as well as the impact of IFITMs on gamma-2-herpesviruses, leading to future
perspectives for intervention strategies against the entry process of enveloped viruses.
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2 Introduction

2.1 Viral biology and pathogenesis

2.1.1 The pandemic zoonotic virus SARS-CoV-2

Development of fatal disease is a rare event when pathogens are adapted to their
respective host. However, when viral infections occur in a non-natural host, severe
diseases can arise. Viruses with a zoonotic origin like influenza A virus (IAV), human
immunodeficiency virus (HIV) and Ebola virus (EBOV) caused epidemics with severe
outcomes and in case of 1AV, the 1918 pandemic (1-3). Although coronaviruses
(CoVs) are also found natively in the human population, where they can cause
common cold, zoonotic spillover of severe acute respiratory syndrome coronavirus
(SARS-CoV), middle east respiratory syndrome coronavirus (MERS-CoV) caused
epidemics and SARS-CoV-2 an ongoing pandemic (4). SARS-CoV-2 has a non-
segmented positive single stranded RNA genome with a size of 29.8-29.9 kb, coding
for at least 23 ORFs (5). The origin of SARS-CoV-2 is still unclear; It shares similarities
with bat and pangolin CoVs (6—10). Initially, the bat CoV RaTG13 was identified as the
CoV with the highest similarity to SARS-CoV-2 (6). Recent studies identified several
bat CoVs that are even closer related to SARS-CoV-2 than RaTG13 (8, 11, 12).
However, these viruses are believed to be too distantly related to serve as origin of
SARS-CoV-2 (8, 11-14). It is therefore assumed that transmission from bat to human
involved an intermediate host as shown for SARS-CoV (13). While, the residues found
in the receptor binding domain (RBD) share similarity with pangolin CoVs (7, 15, 16),
key residues in the RBD and the S1/S2-site (see chapter 2.3.1) significantly differ (17),
leaving the search for an intermediate host still open. However, regarding receptor
usage, proteolytic priming and pathogenesis, SARS-CoV-2 displays similarities to the
more distantly related SARS-CoV (7, 18). In principle, SARS-CoV-2 is an airborne virus
which is mainly transmitted via respiratory droplets, but infection through aerosols,
contaminated surfaces, and fecal-oral transmission, similar to SARS-CoV, might be
possible as well (15, 16, 19). The most astonishing characteristic of SARS-CoV-2 is
the spectrum of disease symptoms which reaches from asymptomatic cases to fatal
pneumonia. SARS-CoV-2 causes the coronavirus disease 2019 (COVID-19). While
most symptomatic cases involve symptoms of common cold or flu, the disease can

rapidly progress to the acute respiratory distress syndrome with fatal outcome (20, 21).
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The severeness of COVID-19 is related to different risk factors like age and pre-existing
diseases (22, 23). Besides the clear initial disease characteristics, long lasting
symptoms including fatigue, periodic headache as well as cognitive impairment are
also reported and are now called long COVID (24-26). While initially thought to be
unaffected by SARS-CoV-2 infection, also children can acquire a severe post-
infectious complication named pediatric inflammatory multisystem syndrome (27, 28).
Meanwhile several vaccines are available, however due to the emerge of new SARS-
CoV-2 variants with increasing chance of immune escape, there is still a demand for
effective COVID-19 treatment options (29, 30).

2.1.2 The human oncogenic virus KSHV

Some members of the herpesvirus family belong to the most widespread viruses in the
world. Herpes simplex virus 1 (HSV-1) and Epstein-Barr virus (EBV) were shown to
have a seroprevalence of at least 60% in the human population and up to 80% in some
countries (31, 32). Herpesviruses are highly adapted pathogens and are constantly
coevolving with their respective hosts (33, 34). Upon primary infection they establish a
lifelong persistence (35, 36). The herpesvirus family is divided into the alpha-, beta-
and gammaherpesviruses (37). Key feature of all herpesviruses is a biphasic
replication cycle. The latent phase allows efficient immune evasion with just a small
subset of viral proteins expressed (36, 38, 39). During this phase, the viral genome is
maintained alongside with the host genome as episome (40). Sensing of environmental
changes results in expression of lytic genes and reactivation (36, 41-44). While most
herpesvirus infections do not cause severe diseases in healthy individuals, the
gammaherpesvirus family harbors two of the seven known tumorigenic viruses, EBV
and the gamma-2-herpesvirus Kaposi’s sarcoma herpesvirus (KSHV) (45). In addition
to KSHV, the gamma-2-herpesvirus sub-family also contains the rhesus monkey
rhadinovirus (RRV), which is used to study gamma-2-herpesvirus biology in animal
models and shares similarities with KSHV. Like all herpesviruses, KSHV and RRV
have a double-stranded DNA genome that is enclosed by the icosahedral capsid. The
viral tegument is a layer of proteins that are involved in viral assembly, particle
transport as well as immune evasion and separates the capsid from the lipid envelope
(46, 47). KSHV causes Kaposi’'s sarcoma (KS), a highly vascularized tumor, which was
first described in 1872 by Moritz Kaposi (48). Since then, four main types of KS have
been described: The classical KS mainly occurs in elderly men of Mediterranean or

4
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Jewish ancestry (48), while the endemic KS, that is predominately found in Africa, also
affects children (49), the epidemic or acquired immune deficiency syndrome related
KS is linked to HIV infection (50) and the iatrogenic KS is found in organ transplant
recipients (51). Today, KSHV is also associated to primary effusion lymphoma (PEL)
(52), multicentric Castleman disease (MCD) (53), KSHV inflammatory cytokine
syndrome (54) and cases of osteosarcoma (55). Although the exact mechanism of
KSHV oncogenesis is not completely understood in detail, several of the KSHV genes
that are expressed during latency and reactivation promote enhanced cell survival,
proliferation as well as secretion of growth and angiogenic factors and thus likely
contribute to oncogenesis (46). The main transmission route of KSHV is via saliva, but
it is also transmitted via sexual contact, blood or solid organ transplantation (51, 56).
Seroprevalence of KSHV is distributed with high regional differences; The highest
seroprevalence is found in sub-Saharan Africa with up to 90%, followed by 20-30% in
the Mediterranean area and under 10% in northern Europe, Asia and the USA (57).
This is also reflected by the KSHV-associated disease incidence. While occurrence of
KSHV-associated disease is rather low in industrial countries, KSHV-associated
malignancies belong to the most common cancers in endemic areas like sub-Saharan
Africa (57-59). Treatments against KSHV-associated diseases mainly involves anti-
HIV therapy or chemotherapy, but to date no vaccine is available and especially in PEL
and MCD patients, treatment options are limited, often leading to poor prognosis (46,
57).

2.2 Viral replication cycle and cell-cell fusion

Viruses are per se no living organisms, they are obligate parasites that depend on host
organisms to promote their propagation. To successfully infect and spread in an
organism, a concerted sequence of events must occur in which viruses hijack the host
cell machinery to produce infectious offspring. The first step in the viral replication cycle
is the attachment to a host cell (Figure 1; (60)). There are two major possibilities for
attachment: While some viruses attach directly through interaction of their surface
protein with the respective cellular receptor that also triggers entry into the cell, other
viruses first attach via interaction with cell surface carbohydrates like heparan sulfate

proteoglycan (HSPG) or sialic acid, which not directly facilitate entry in most cases (60,
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61). These abundant cell surface molecules increase the local particle concentration,
which decreases the required affinity to bind the entry receptor (62). In contrast, binding
to the viral entry receptor actively promotes the entry into the target cell e.g. by initiation
of conformational changes of the viral surface protein that results in direct fusion at the
plasma membrane (63, 64), passive endocytic internalization (65, 66) or direct
activation of endocytosis (67, 68). Although plasma membrane fusion is seen for
viruses like HIV-1 (69) and HSV-1 (70), endocytic entry is often favored as it may allow
avoidance of the crowded intracellular meshwork and immune surveillance. The major
route of endocytic entry used by a variety of viruses is the clathrin-mediated
endocytosis. Besides this, viruses can also enter the cell via caveolin-mediated
endocytosis, macropinocytosis as well as several uncharacterized clathrin/caveolin-
independent routes (71, 72). Most of these pathways ultimately end in the
endolysosomal pathway where the fusion of the viral and host membrane results in the
release of the viral content into the host cell. In case of most negative and positive
single-stranded RNA viruses, the replication of the viral genome and translation of viral
proteins starts already in the cytosol. In case of retroviruses and DNA-viruses, like
herpesviruses, the genome is transported to the nucleus where it is replicated and
transcribed (35, 73). The produced viral proteins, together with the viral genome are
then assembled to progeny virus. The budding of the progeny virus then takes place
and new virions are released.

Another possibility for the virus to spread is the formation of syncytia. Syncytia are
formed when infected cells fuse with uninfected neighboring cells and are
characterized by multinucleation (74). The formation of syncytia allows viral spread to
nearby cells without the production of assembled viral particles. The syncytia formation
is mediated by the viral surface fusion protein (chapter 2.4) and likely contributes to
enhanced viral replication, escape of immune surveillance as well as tissue damage
by cytopathic effects (75-77). Cell-cell fusion is mainly observed when viral fusion
proteins are capable to mediate direct fusion at the plasma membrane (see chapter
2.4) (78-80). When the viral fusion proteins are found at the host cell surface, fusion
can be activated by interaction with the host receptors present on neighboring cells
(80). Replication and transcription/translation of the viral genome can then occur as

described for above.
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viral genome %—}% %
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Transcription

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

2.3 Viral entry and cellular receptors

2.3.1 SARS-CoV-2 entry

SARS-CoV-2 only expresses a single viral surface glycoprotein which mediates
receptor binding and fusion. This Spike (S) protein is highly conserved among
coronaviruses regarding function and domain organization. During maturation of the
Spike, it is cleaved into the subunit 1 (S1) and subunit 2 (S2) (Figure 2A; (18, 79, 81)).

v
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The SARS-CoV-2 S1 contains the receptor binding domain (RBD), which promotes
binding to the SARS-CoV-2 entry receptor ACE2 (18, 79). Binding to ACE2 was
already shown for SARS-CoV and the bat CoV RatG13 (14, 82). The affinity of SARS-
CoV-2 Spike to hACEZ2 is, however, 1000-fold higher than RaTG13 Spike (14), while
the binding affinity of SARS-CoV-2 Spike and the more distantly related SARS-CoV
Spike to hACEZ2 is in a similar range, although with slight differences (83—-85). In
addition to ACE2, also Neuropilin-1 was shown to enhance the entry of SARS-CoV-2
(86, 87). The SARS-CoV-2 Spike binds HSPG and sialic acid, which might serve as
attachment factors and this binding is predicted to occur via the N-terminal domain
(NTD) (83, 88-91). Processing of the SARS-COV-2 Spike into the S1- and S2-subunit
occurs at the S1/S2-site, which contains a mutlibasic cleavage site and is mediated by
the host cellular protease furin as well as related enzymes (79, 81, 92). Interestingly,
a multibasic cleavage motif at the S1/S2-site is also found in the Spike proteins of
MERS-CoV (93) and human OC43 (79), but not SARS-CoV (94) or RaTG13 (14). The
SARS-CoV-2 S1/S2-site was shown to be important for entry into Calu-3 lung cells
(79), but not for entry into Vero or 293T-ACEZ2 cells (95). Although deletion variants of
the multibasic cleavage motif at the S1/S2-site were isolated in vitro and in vivo (96,
97), it was demonstrated that the cleavage at the S1/S2-site is essential for
transmission (95, 98). While the RBD containing S1-subunit mediates the initial binding
and attachment to the host cell, the S2-subunit contains the proposed proteolytic
priming site (S2’-site), which was identified in SARS-CoV and MERS-CoV (93, 94, 99),
the fusion peptide (FP) as well as the heptad repeat regions 1 and 2 (HR1, HR2),
responsible for membrane fusion (see chapter 2.4.1; Figure 2A; (18, 100)). SARS-
CoV-2 can directly fuse near or at the plasma membrane and this fusion depends on
members of the TMPRSS-family, in particular TMPRSS2 (18, 101-103). When
TMPRSS?2 is not present or low abundant, the SARS-CoV-2 patrticles are internalized,
in case of 293T-ACE2 cells (104) via clathrin-mediated endocytosis and activation
occurs via endosomal cathepsins (see Figure 2B; (18)). Following fusion at the cell-
membrane or endosomal membranes the viral genome is released into the cell and

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

2.3.2 KSHV entry

KSHV expresses several glycoproteins (g) that have a variety of functions, but mainly
interact with attachment factors or entry receptors. While the glycoproteins gH, gL, gB,
gM and gN are conserved among herpesviruses, ORF4, K8.1, K1, K14, and K15 are
KSHV-specific glycoproteins (106, 107). However, only ORF4, gB, gH/gL, gM/gN, and
K8.1 were demonstrated to be incorporated into the lipid bilayer of virions (107, 108).
Attachment to ubiquitous cell surface HSPGs is mainly mediated by gH, gB, and K8.1
(109-111). This together with the fact that KSHV binds multiple entry receptors results
in a broad cell tropism and redundancy of receptors. Inhibition or knockout/knockdown

of a single entry receptor drastically reduces, but often not completely prevents
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infection (112-115). The KSHV tropism includes human endothelial cells, epithelial
cells, keratinocytes, B cells, macrophages, dendritic cells, T-cells, fibroblast cells and
a variety of animal cells (113, 116, 117). Entry into cells of epithelial and endothelial
origin was shown to be mediated by members of the ephrin receptor family, mainly
EphA2, although other Eph-members were reported but with lower efficiency (113,
118, 119). The Eph interaction is mainly mediated by the glycoprotein complex gH/gL
(112, 114, 118). Additional receptors like integrins were also demonstrated to be
involved in KSHV-mediated downstream signaling as well as entry into epithelial,
endothelial and fibroblast cells (111, 114, 119, 120). However, the exact nature of the
integrin binding is still debated; While aVB3, aVB5 and a3p1 (121, 122) were initially
shown to be important for the cell entry, recent results imply that successful KSHV
infection of some cells might be independent of members of the aV- and (1-family of
integrins and mainly depends on EphA2 and HSPG expression (119). Furthermore, it
was demonstrated that KSHV utilizes DC-SIGN to enter human myeloid dendritic cells,
macrophages, and activated B cells (123—-125). The most interesting point is that the
proposed site of KSHV latency, the B cells, are only partially susceptible to free virus
infection (116, 126). Entry into the B cell line MC116 and into tonsillar B cells depend
on K8.1 and a yet unknown receptor (117). Another B cell line, BJAB, was shown to
be entered in a EphA7-depended manner via cell-to-cell spread (115). Like other
enveloped viruses, KSHV virions have to fuse with the lipid bilayer of the host
membrane. Although some herpesviruses can fuse directly at the plasma membrane,
KSHV enters most studied cell types via different modes of endocytosis (113, 127,
128). Using inhibitors of macropinocytosis and colocalization studies with the
macropinocytosis marker dextran it was demonstrated that macropinocytosis is the
main entry route of KSHV into the endothelial cell ines HMVEC-d and HUVEC (127).
HFF are predominantly entered via clathrin-mediated endocytosis and 293T via an yet
unidentified pH-dependent endocytosis pathway (128, 129). Following internalization,
KSHYV utilizes the gH/gL and gB complex, which represents the herpesvirus core fusion
machinery, to promote fusion of the viral and host membrane (130-132).
Subsequently, the viral capsid is released into the cytosol and is transported to the
nucleus along the microtubular cytoskeleton. Following capsid disassembly, the viral

genome is released into the nucleus.
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2.4 Viral membrane fusion

A key process in the entry of enveloped viruses is the virus-host membrane fusion,
which ultimately leads to the release of the viral content into the host cell. Although the
process of membrane fusion is, in principle, thermodynamically favored, it is prevented
by short distance repulsive forces and sterical hindrance caused by membrane
proteins. This limits the distance in which two membranes can come in contact without
external energy to approx. 20 nm (133). The additional energy is provided by the viral
fusion protein, which is a viral surface protein that catalyzes the viral-host membrane
fusion process. While viral fusion proteins are often not well conserved on the genomic
or amino-acid level, they share a surprisingly homologous tertiary structure, which hints
towards a common ancestor or convergent evolution (134).

Most viral fusion proteins studied this far can be grouped into three distinct classes of
fusion proteins based on structural differences of the pre- and post-fusion complexes:
Class | fusion proteins are present as homotrimers and are characterized by a central
bundle of six alpha-helices (6HB), which is formed by a trimer of a-helical N-terminal
coiled coils and three C-terminal helices (135). An interesting feature of class | fusion
proteins is that their fusion activity can be triggered by various mechanisms. While
binding of the HIV envelope (Env) protein to the receptor is sufficient to trigger fusion
(136), the IAV hemagglutinin (HA) has to be activated by protonation at low pH (137)
and the CoV Spike by proteolytic cleavage following receptor binding (18, 93, 94).
Class Il fusion proteins share a common dimeric B-sheet structure where the fusion
loops are found at the tips of those B-strands. In contrast to class | fusion proteins, all
class Il fusion proteins identified, are solely activated in a pH-dependent manner (135,
138). The class Il fusion proteins, share architecture and activation principles of the
two other classes. They are trimers and contain a central a-helical coiled-coils, similar
to class | fusion proteins, however, the B-strand structure of the fusion loops resembles
more that of class Il fusion proteins (139).

Although there are differences in structure and activation of the distinct classes of
fusion proteins, the overall catalytic principle of the membrane fusion is highly
comparable between different viruses and progresses through several steps, which
are mediated via the various domains of the viral fusion protein (Figure 3):

After the attachment and/or receptor binding, which brings the viral and host membrane
into proximity, the activated fusion protein changes into an extended position and

bridges the two membranes. This first step is mediated by the two membrane-
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interacting elements, the viral membrane-anchored C-terminal transmembrane anchor
and a hydrophobic domain that is inserted into the target membrane. This structure is
often referred to as the pre-hairpin or extended intermediate and represents a
homotrimer in all viral fusion proteins studied this far. In second step, the pre-hairpin
intermediate undergoes intramolecular structural rearrangements which draws the
fusion peptide-anchored target membrane, and the transmembrane-anchored viral
membrane together and thus overcomes the repulsive energy. This results in the third
step, the formation of a hemifusion intermediate, where the opposed proximal leaflets
of the two membranes merge. Progression through hemifusion then results in the
opening of the fusion pore (step 4) and release of the viral content into the host cell
(133, 134, 138).

— (1) Extended (2) Collapse P .
(0) Pre-fusion e ————— T S (3) Hemifusion (4) Fusmp Pore
- opening
‘ ﬁ & 6 «a' \.% o o

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

2.4.1 SARS-CoV-2 Spike-mediated fusion

The Spike protein is highly conserved among coronaviruses and shares a common
structure and function. At amino acid level the Spike proteins of SARS-CoV-2 and
SARS-CoV share about 76% identity (140). The SARS-CoV-2 Spike is a class | fusion
protein and comprises two subunits, S1 and S2. The S1-subunit harbors the ACE2
binding RBD (18, 83), while the S2-subunit is the actual fusion protein and contains
the upstream helices (UH), FP, central helix (CH), subdomain 3 (SD3), a linker domain
(L), the HR1 and HR2, which form the fusion core region (6HB) as well as the viral-
membrane anchored transmembrane domain (TM) (Figure 4A; (141)). On the virion

surface, the Spike trimers exist in a closed conformation in which the membrane fusion
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components of the S2-subunits are shielded by the RBDs of the anticlockwise
neighboring S1-subunits (142). The RBD undergoes conformational changes that
results in either accessibility or inaccessibility of ACE2 and represents open and closed
conformation of the Spike (Figure 4B; (85, 142—-144)). Priming or pre-processing at the
S1/S2-site recognition motif is thought to enhance the accessibility (open
conformation) of the RBD and thus facilitate ACE2-binding (14, 142). In crystal
structure studies, asymmetrical trimers in which only one RBD was in an open position
were frequently observed (85, 142-144). The following model of SARS-CoV-2 Spike
membrane fusion was first described by Fan et al. and was modified after Benton et
al. (Figure 4; (141, 142)):

Successive binding of ACE2 by the Spike RBD can finally result in an unstable three-
RBD open conformation, in which the Spike is able to bind up to three ACE2 molecules
(Figure 4B; (142)). ACE2 binding results in a movement that reduces the contact area
of the ACE2-bound S1 to each other and the central S2-core, the three S1 of the trimer
are then arranged as a trimeric ring that is attached only via intermediate subdomains
(142). In this unshielded conformation, the proteolytic priming sites in the S2-subunit
are exposed and accessible for activation (142). Proteolytic cleavage downstream of
the FP in S2-subunit, either by members of the TMPRSS-family or cathepsins (18,
103), results in structural rearrangements and exposure of the FP, which then inserts
into the host membrane (142). Refolding involves formation of the characteristic 6HB
by HR1 and HR2 and brings the TM-bound viral membrane as well as the FP-bound
host membrane in a proximity that allows for successful membrane fusion by

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

2.4.2 gB the herpesvirus fusion protein

While the membrane fusion process of SARS-CoV-2 involves one viral surface
glycoprotein, which serves both as attachment factor and fusion executor, the fusion
process of herpesviruses is far more complex. The essential fusion machinery of all
studied herpesviruses is formed by a heterotrimeric complex of the viral surface

glycoproteins gH and gL together with gB (130-132), but in case of several
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herpesviruses at least one additional glycoprotein is required for attachment and
receptor binding (145). gB is structurally conserved among all herpesviruses and is the
actual fusion protein. Its structure is highly similar to the VSV glycoprotein (G) and is
thus designated as a type Il fusion protein (139). Post-fusion crystal structures of HSV-
1 (146), pseudorabies virus (147), human cytomegalovirus (HCMV) (148) and EBV
(149) gB, as well as the recently published prefusion structures of HSV-1 (150) and
HCMV (151) gB, together with the well characterized fusion process mediated by VSV-
G, give insights into the domain structure and distinct steps of the herpesvirus
membrane fusion. gB harbours a trimeric pedestal, which is formed by the membrane
proximal region (MPR), the transmembrane domain (TM) and the cytoplasmic tail
domain (CTD). The gB ectodomain is further divided into domains I-V (DI-DV) (Figure
5A; (150-152)). Activation of gB is thought to occur following the wedge and clamp
model. In this model, the CTD serves as a clamp that stabilizes the pre-fusion
conformation of the gB ectodomain (153). Although the exact function of the gH/gL-
complex in this process is not completely understood and might vary in different
herpesviruses, it is proposed that gH/gL either stabilize the pre-fusion complex or that
the CTD of gH transmits a signal that releases the clamp on gB and allows activation
(153). In HSV-1 fusion, this signal is hypothesized to involve and depend on the
interaction of gD with the cell surface receptor and ultimately with gH/gL as well as gB
(152). However, in case of KSHV and RRV, where the gH/gL-complex already
mediates the interaction with the cell surface receptor, the complex of gH/gL with gB
is enough to execute fusion (130-132). The actual steps of the proposed gB membrane
fusion model are very similar to VSV-G and all other viral fusion proteins as described
in chapter 2.4. To progress from the pre-fusion to the post-fusion complex, gB
undergoes large structural rearrangements. The following model of gB fusion was
described by Liu et al. for HCMV gB (Figure 5B; (151)): Following receptor binding
induced release of the CTD-clamp, the fusion process is initiated when the interaction
of the fusion loop with the MPR breaks (151). This leads to a rearrangement where DI
and DIl rotate to nearly 180° and allow that the fusion loops are inserted into the host
membrane (pre-hairpin intermediate) (151). Refolding induced extension of DV
towards the fusion loops, which results in formation of the 6HB, brings the TM-bound
viral membrane and the fusion loop-bound host membrane into close proximity,

resulting in hemifusion, fusion pore opening (150-152, 154).
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Figure 5: Schematic representation of the proposed model of herpesviral gB-mediated fusion. A
Schematic representation of the domains of the HCMV gB domains relevant for membrane fusion
adapted from Liu et al. (151) (not exactly drawn to scale). The HCMV gB contains the Domain | (Dl),
Domain 11 (DIl), Domain 1l (DIIl), Domain IV (DIV), Domain V (DV), the membrane proximal region
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(MPR), the transmembrane domain (TM) the fusion loops and the C-terminal domain (CTD). B Space
filling models of the HCMV gB crystall structures of the pre-fusion (left) and the post-fusion (right) trimers,
adapted from Liu et al. (151). C Rigid body fit of the monomers of the HSV-1 gB pre-fusion (left) and the
post-fusion (right) crystall structures adapted from Vollmer et al. (150), colering diverges from A and B.
D Schematic representation of the model of HCMV gB mediated fusion adapted from Liu et al. (151).
The first picture (starting left) shows a schematic of the HCMV gB pre-fusion complex, where the fusion
loops are burried in the MPR. Upon signal from the CTD, the interaction of the fusion loops with the
MPR breaks. The following rearrangement results in rotation of the DI and DIl to nearly 180° and allows
insertion of the fusion loops into the host membrane and formation of the hypothetical pre-hairpin
intermediat. Refolding of the DV towards the host membrane inserted fusion loops results in the post-
fusion gB structure, formation of a 6 helix bundel (6HB) and subsequent fusion of the viral and host
membrane (150, 151).

2.5 Strategies to prevent viral entry and membrane fusion

2.5.1 Inhibitors of viral membrane fusion

Advances in crystal structure analysis and better understanding of the viral fusion
process resulted in the development of several viral fusion inhibitors. Most of the fusion
inhibitors developed in recent years aimed to target the fusion core of the viral fusion
trimer. In case of several class | fusion proteins, peptides derived from either the HR1
or the HR2 were developed (155, 156). These analogs interact with the counterpart
HR and thus prevent the formation of the central 6HB. Cp32M (157), Sifuvirtide (158),
and T2635 (159) are based on the HR1 of HIV gp41 and inhibit the membrane fusion
of wild type (wt) and HIV variants. Similarly, peptide mimics of the HR2 regions of
several paramyxoviruses like Newcastle disease virus, respiratory syncytial virus
(RSV) were developed (160, 161). Due to the conserved nature of the S2-subunit of
coronaviruses, the peptide EK1 derived from the HR1 of human CoVs spike was shown
to effectively inhibit Spike-mediated membrane fusion of SARS-CoV, MERS-CoV and
SARS-CoV-2 (162, 163). Aside from HR-peptide mimics, there are several small
molecule inhibitors. An example are indole-based chemicals, which bind into the
hydrophobic pocket inside the trimer core and also prevent formation of the 6HB (164).
A very interesting class of broadly antiviral fusion inhibitors was identified to modify the
biophysical properties of membranes making them less fusiogenic. Both, amphiphilic
thiazolidine derivatives (165, 166) and rigid amphipathic fusion inhibitors (167, 168)
are light activated molecules, which modify the membrane phospholipids (169). The
resulting increase in positive curvature and reduced fluidity of membranes elevate the
energy levels required for membrane fusion (170, 171). While all of these inhibition

modes target the physical process of membrane fusion, especially class | fusion
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proteins harbors the potential of an additional target step, the activation (see chapters
2.3.1 and 2.4.1). As several class | fusion proteins require at least one proteolytic
activation step for transition into their fusion-active form, protease inhibitors harbor
great potential as antiviral drugs. In case of SARS-CoV-2, several inhibitors against
the main activating protease TMPRSS2, but also other proteases are currently tested

in ongoing clinical trials.

2.5.2 IFITMs— Host viral entry inhibitors

While great effort was put into identification of inhibitors of viral entry, nature has
already developed efficient broadly acting entry inhibitors, the Interferon (IFN)-
inducible transmembrane proteins (IFITMs). IFITMs are small helical membrane
proteins, which are highly conserved among all vertebrate species (172, 173). The
antiviral activity of IFITM3 was identified in an SiRNA screen for IAV restriction factors
(274). In this study IFITM1, IFITM2 and IFITM3 were identified to potently inhibit the
entry of viral particles that were decorated with the viral surface proteins of 1AV, West
Nile virus (WNV) and Dengue virus (DENV), so called pseudoparticles (174). In the
following years a growing list of viruses, now including several flaviviruses, filoviruses,
bunyaviruses, and coronaviruses, were shown to be restricted by members of the
IFITM-family (174-179). In addition to the IFN-inducible IFITM1, IFITM2 and IFITM3,
the IFITM-cluster on chromosome 11 in the human genome also contains the non- IFN
inducible, non-immune related IFITM5 and IFITM10 (178, 180). IFITMs localize to
different cellular compartments. Although the localization of IFITMs likely also depends
on the cell type and on expression levels, IFITM1 displays mainly plasma membrane
localization, while IFITM2 and IFITM3 are predominantly found in the endolysosomal
pathway (181-183). A Yxx® -motif found in the N-terminal domain of IFITM2 and
IFITM3 was demonstrated to be responsible for the correct subcellular location (Figure
6A). Disruption of this motif localized IFITM3 to the plasma membrane and rendered it
less functional (184). Similarly, exchange of residues 43-48 to alanine delocalized
IFITM3 from late endosomes to the cell periphery. This reduced the antiviral effect to
IAV but not to DENV (185). Analogous, delocalization of IFITM1 from the plasma to
the cell interior by mutation of the conserved intracellular loop (CIL)-domain (Figure
6A), reduced the IFITM1-mediated antiviral activity against IAV, mumps and measles

virus (183). While it is clear that IFITMs interfere with viral entry, the exact mechanism
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of the IFITM-mediated restriction is unclear. After the initial discovery of IFITMs a
variety of potential mechanism were proposed (Figure 6B; (178, 186)):

One mechanism suggests that IFITMs modify the biophysical properties of membranes
and make them less fusogenic. This model of IFITM function is based on the
observation, that IFITMs are capable to restrict viral fusion protein-mediated cell-cell
fusion (187-189) and on experiments showing that IFITMs reduce the membrane
curvature and increases the lipid order of membranes, which likely prevents fusion
pore opening (187, 190, 191). Other mechanisms involve interaction with additional
proteins like the metalloprotease ZMPSTEZ24. Although the exact mechanism of the
interplay between ZMPSTE24 and IFITM3 is unclear, the authors claim, that
ZMPSTE?24 is a IFITM3 downstream effector and necessary for the antiviral activity of
IFITM3. Indeed, knockout of ZMPSTE24 in A549 cells abrogates antiviral activity of
IFITM3 and the IFITM3 antiviral activity was restored upon ectopic expression of
ZMPSTEZ24 (192). However, this model was not studied in detail and awaits further
investigation. The third mechanism claims that IFITM3 affects endosomal acidification
and is based on the observation that a majority of IFITM-restricted viruses enter the
cell in a endosomal pH-dependent manner (174, 176, 193-195). This mechanism is
also supported by the finding that IFITM3 influences the trafficking of the vacuolar
ATPase (196). Lastly, IFITM3 was also demonstrated to interact with Vesicle-
membrane-protein-associated protein (VAPA) and influence the cholesterol content of
the endosomes, which was shown to affect the membrane fusion process (197, 198).
However, an involvement of VAPA and cholesterol in the antiviral activity of IFITMs
was challenged in other studies (190, 199). Whether one mechanism alone explains
the broad IFITM-mediated restriction of viral entry, or all mechanism are utilized at a
time remains enigmatic. However, advances in live cell imaging and single viral particle
tracking underlined the importance of the IFITM localization. Viral particles of the highly
restricted 1AV were demonstrated to colocalize with IFITM3-positive compartments,
while the pseudoparticles of the unrestricted Lassa virus (LASV) did not (200-202). In
recent years a large number of viruses was identified to be restricted by one or several
IFITMs. However, the majority of restricted viruses identified so far are mainly RNA
viruses. Although most viruses tested so far are restricted, there are some viruses that
seem to be resistant against the IFITM-mediated restriction. Especially in the group of

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

The development of therapeutics against viruses comes with the caveat that viruses
often utilize host cellular components and processes for their own propagation. This
hampers the effort to identify drugs without undesired side effects. Several drugs that
were developed in recent years often target viral polymerases. However, targeting
steps late in the viral replication cycle often does not reduce virus induced cell
damages. Inhibition of the earliest step in the viral replication cycle, the entry or even
more precise, the membrane fusion, would prevent any viral induced damage and
therefore holds great potential for potent drugs. In recent years, several specific but
also broadly acting viral fusion inhibitors were identified. A key to the development of

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

Therefore, the first aim of this study was to gain a better understanding of the entry
and fusion process of the zoonotic virus SARS-CoV-2 and identify, using this
knowledge, new therapeutic treatment options. While the entry process of SARS-CoV-
2 holds potential for therapeutical intervention, the high degree of redundancy as well
as the complexity of the KSHV entry and herpesvirus membrane fusion, impedes
development of new therapeutics. Where science struggles, nature has already
developed broadly acting entry inhibitors, the IFITMs. Therefore, a second aim was to
investigate whether IFITMs can inhibit the gamma-2-herpesviruses KSHV and the

closely related RRV.
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ABSTRACT Severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) infects
cells through interaction of its spike protein (SARS2-5) with angiotensin-converting enzyme
2 (ACE2) and activation by proteases, in particular transmembrane protease serine 2
(TMPRSS2). Viruses can also spread through fusion of infected with uninfected cells. We
compared the requirements of ACE2 expression, proteolytic activation, and sensitivity to
inhibitors for SARS2-S-mediated and SARS-CoV-5 (SARS1-S)-mediated cell-cell
fusion. SARS2-S-driven fusion was moderately increased by TMPRSS2 and strongly
by ACE2, while SARS1-5-driven fusion was strongly increased by TMPRSS52 and less
so by ACE2 expression. In contrast to that of SARS1-S, SARS2-S-mediated cell-cell
fusion was efficiently activated by batimastat-sensitive metalloproteases. Mutation
of the 51/52 proteolytic cleavage site reduced effector cell-target cell fusion when
ACE2 or TMPRSS2 was limiting and rendered SARS2-S-driven cell-cell fusion more
dependent on TMPRSS2. When both ACE2 and TMPRSS2 were abundant, initial tar-
get cell-effector cell fusion was unaltered compared to that of wild-type (wt)
SARS2-S, but syncytia remained smaller. Mutation of the S2 cleavage (S2’) site spe-
cifically abrogated activation by TMPRSS2 for both cell-cell fusion and SARS2-5-
driven pseudoparticle entry but still allowed for activation by metalloproteases for
cell-cell fusion and by cathepsins for particle entry. Finally, we found that the
TMPRSS2 inhibitor bromhexine, unlike the inhibitor camostat, was unable to reduce
TMPRSS2-activated cell-cell fusion by SARS1-S and SARS2-S. Paradoxically, brom-
hexine enhanced cell-cell fusion in the presence of TMPRSS2, while its metabolite
ambroxol exhibited inhibitory activity under some conditions. On Calu-3 lung cells, Citation Hornich BF, GroBkopf AK, Schlagowski
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Both compounds exhibited weak inhibitory activity against SARS-CoV-2 infection at high
concentrations, which might be clinically attainable for ambroxol.

KEYWORDS COVID-19, SARS-CoV-2, TMPRSS2, cell-cell fusion, spike, virus entry

he coronavirus disease 2019 (COVID-19) disease spectrum is caused by severe acute re-

spiratory syndrome-related coronavirus 2 (SARSCoV-2), which was first identified in
patients with pneumonia of unknown origin in the city of Wuhan, China (1). While first char-
acterized as a pneumonia, COVID-19 probably affects a number of organ systems (2-4).
SARS-CoV-2 was shown to use the angiotensin-converting enzyme 2 (ACE2) receptor, which
was previously described as the receptor for the closely related severe acute respiratory syn-
drome-related coronavirus (SARS-CoV) (5), for the infection of human cells (1, 6, 7). For the
proteolytic activation of the viral spike protein, a prerequisite for the fusion activity of corona-
viruses (reviewed in reference 8), transmembrane protease serine 2 (TMPRSS2) (7, 9), as well
as the related TMPRSS4 (2), was reported to be of critical importance. In addition, TMPRSS2
was demonstrated to colocalize with the ACE2 receptor (10) and therefore may be biclogi-
cally particularly relevant. Depending on the cell type, SARS-CoV-2 spike (SARS2-5)-driven
entry can also occur through endocytotic pathways where virus-cell fusion is most likely acti-
vated by cathepsins (7). Another study reported that several members of the TMPRSS family
can activate SARS2-S-mediated membrane fusion (11). The proposed mechanisms for spike
priming and initiation of fusion therefore require further dlarification, e.g, whether serine pro-
tease activity is required under all circumstances or whether fusion can also occur without
the action of serine proteases, when these proteases act on the spike protein, and whether
there are differences between cell-cell and cell-particle fusions.

It was recently discovered that the polybasic 51/52 cleavage site of SARS2-5 is required for
efficient infection of lung-derived cells and promotes the formation of syncytia (12).
Understanding syncytium formation may be important, as large syncytial elements are
reported to constitute a hallmark of COVID-19-associated pathology (13). Nevertheless, the
exact contribution of the two known proteolytic priming sites to cell-cell fusion and their pro-
tease usage are not entirely clear. To address these questions, we mutated the 51/52 site as
well as the 52 cleavage (52') site, we assessed the effects of proteolytic activation by using
inhibitors of TMPRSS2 and other proteases, and we analyzed the effects of different levels of
protease and receptor expression on SARS-CoV spike (SARS1-5) and SARS2-S fusion activity.

TMPRSS2, which is expressed in airway cells (14), may be amenable to specific inhibition
by bromhexine (15), a molecule normally used as an expectorant that thins phlegm, eases
coughing, and is widely known as a popular over-the-counter medication, which would
make its repurposing for COVID-19 particularly attractive. For these or additional reasons,
bromhexine is now being tested in at least three clinical trials (NCT04355026, NCT04273763,
NCT04340349) for efficacy against COVID-19. We therefore tested the effect of the TMPRSS2
inhibitor bromhexine on spike-mediated cell-cell fusion and SARS2-S-driven cell entry and
compared its potency to that of the serine protease inhibitor camostat. We also included
ambroxol, an active metabolite of bromhexine, in our studies (16). Ambroxol has often
replaced bromhexine as an over-the-counter medication, and its structural similarity to brom-
hexine may hint at potential inhibitory effects toward TMPRSS2. Ambroxol may also exhibit
weak but broad antiviral activity, as it was shown to reduce the occurrence of respiratory
infections (17) and to inhibit proteolytic activation of influenza virus by triggering the release
of antiviral factors (18), and it is used to treat acute respiratory distress syndrome in adults
and antenatally in infants (19, 20). Further, two recent preprints, one describing modulation
of the ACE2-5ARS2-S interaction by both bromhexine and ambroxol (21) and the other
reporting weak inhibitory activity of ambroxol against SARS-CoV-2 replication (22) in Vero E6
cells, point at a potential utility of these molecules in the therapy of COVID-19.

RESULTS

SARS2-S mediates robust fusion of 293T cells transfected with ACE2 with and
without coexpression of TMPRSS2. In order to investigate the fusion mechanism of
SARS-CoV-2, we generated several SARS2-5 mutants (Fig. 1A, schematic after reference
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FIG 1 SARS2-S mediates robust fusion activity in the presence of ACE2 or ACE2 and TMPRSS2 on target cells, and ablation of the $1/52
or S2' proteolytic cleavage site affects fusion activity differently. (A) Schematic illustration of the coronavirus spike protein showing the
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23). It was reported that the furin recognition motif at the S1/52 cleavage site of
SARS2-S, which is not found in SARS1-S, plays a role in the infection of airway cells, like
Calu-3 cells, but is dispensable in other cell types (12). Thus, we generated a mutant,
SARS2-51/52-mut, where the furin recognition motif and the cleavage site were
replaced by alanines (Fig. 1A). Unlike with already published S1/52 mutants (12, 24),
we did not delete the site, as we suspected that this may influence protein conforma-
tion and flexibility, but we mutated the proposed furin cleavage site (25) to fully abro-
gate processing at this site. We furthermore generated an S2’ site mutant, SARS2-52"-
AA, by changing K814 and R815 to alanine. The S2' site was shown to be important for
proteolytic priming in SARS1-S and is highly conserved among coronavirus spikes (26).
We therefore suspected that this site is also important for proteolytic processing of
SARS2-S. Clearly detectable bands of lower molecular weights, indicative of proteolytic
processing, were observed only with wild-type (wt) SARS2-S (Fig. 1B). As expected, the
$1/52 mutant exhibited no processing at the $1/52 site, indicated by a missing S2 frag-
ment in a Western blot of transfected 293T cell lysate (Fig. 1B). This is similar to what
occurs with SARS1-S, which has no furin cleavage site at this position. As not all
mutants might be efficiently expressed at the cell surface, we performed cell surface
staining with a COVID-19 convalescent-phase serum, followed by flow cytometry (Fig.
1C, middle column group), which revealed detectable but strongly reduced cell surface
expression of the SARS2-S2'-AA mutant, as well as reduced ACE2 binding when the
same assay was performed with an ACE2-Fc fusion protein (Fig. 1C, right column
group). SARS1-S was only weakly recognized by the COVID-19 convalescent-phase se-
rum. RRV gHA21-27-Fc, an Fc fusion protein of RRV gH that lacks any detectable recep-
tor interactions (27), served as a control.

In order to study spike-mediated cell-cell fusion, we established a quantitative re-
porter gene assay. We chose 293T cells as effector cells, i.e., the cell expressing the viral
glycoproteins, because (i) 293T cells exhibit high transfection efficiency and protein
expression and (ii) 293T cells can be lifted without trypsinization. We resorted to a sys-
tem that is also used for two-hybrid screenings, using a VP16-Gal4 transcription factor
in one cell and a Gal4 response element-driven reporter construct in the other cell,
which results in strong transactivation and reporter gene expression after cell-cell
fusion. We transfected 293T target cells with ACE2 and TMPRSS2 expression plasmids
and a Gal4 response element-driven TurboGFP-luciferase reporter plasmid (Gal4-
TurboGFP-Luc) and effector cells with spike expression constructs, as well as with a
plasmid encoding the Gal4 DNA binding domain fused to the VP16 transactivator.
Apparent expression levels of SARS1-S as assayed by Western blotting were lower than
those of SARS2-S (Fig. 1B), but this may be owing to different levels of glycosylation,
proteolytic cleavage, and transfer or detection and was not reflected in its surface
expression as measured by ACE2 binding (Fig. 1C) and its fusion activity (Fig. 1D). We

FIG 1 Legend (Continued)

signal peptide (SP), the receptor binding domain (RBD), the fusion peptide (FP), the transmembrane domain (TM), the S1/52 cleavage
site (S1/52), and the S2 cleavage site (S2'), together with amino acid sequence alignments of the spike proteins of SARS-CoV-2 and
SARS-CoV and the SARS2-S cleavage site mutants analyzed in this study (not exactly drawn to scale). (B) Expression of spike variants in
293T cells. The unprocessed spike (S0) and the S1/52 site-processed spike (S2) are indicated by arrows. The expression of GAPDH served
as a loading control. (C) Cell surface expression and ACE2 binding. Cell surface expression as measured by antibody binding from a
COVID-19 patient convalescent-phase serum and binding of soluble ACE2-Fc to 293T cells expressing the indicated spike proteins were
determined via flow cytometry analysis and detection with an Alexa 647-coupled secondary antibody to human IgG. The percentages of
Alexa 647-positive cells are shown. Error bars represent the standard deviations from three independent experiments. (D) Cell-cell fusion
assay. Effector cells (293T cells transfected with either an empty vector or expression plasmids for the indicated spike variants and Vp16-
Gal4 transactivator) were cocultured with target cells (293T cells transfected with ACE2 or ACE2/TMPRSS2 expression plasmids and the
Gal4-TurboGFP-Luc reporter plasmid). After 24 h, luciferase activity was measured. The data show averaged relative luminescence units,
and error bars represent the standard deviations from one representative experiment performed in triplicate. (E) Experiment as shown in
panel D, except that only ACE2/TMPRSS2 target cells were analyzed. After 12 h, 18 h, and 24 h, luciferase activity was measured. The
data show averaged fusion activities normalized to that with empty vector-transfected effector cells, and error bars represent the
standard deviations from one representative experiment performed in triplicate. (F) Representative GFP fluorescence microscopy images
of a cell-cell fusion assay with ACE2- and ACE2/TMPRSS2-expressing target cells and effector cells expressing the indicated spike variants
(200-um scale bar). Statistical significance in panels C and D was determined by two-way ANOVA, and P values were corrected for
multiple comparisons by Sidak's method (P > 0.05, not significant [ns]; P = 0.05, *; P = 0.01, **; P = 0.001, ***; P = 0.0001, ****).
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found that when only ACE2 was overexpressed (Fig. 1D, left), all SARS2-S constructs
exhibited fusion activity that was statistically different from background. SARS1-S had
visible activity, but that did not remain significant after correction for multiple compar-
isons. On 293T cells that were cotransfected with ACE2/TMPRSS2 expression con-
structs, all spike variants exhibited fusion activity significantly over background (Fig.
1D, right), except for the SARS2-S2'-AA mutant, which exhibited visible but not statisti-
cally significant activity. We chose a logarithmic scale in Fig. 1D for an initial overview
of the considerably different fusion activities and how they relate to background activ-
ity. Testing activity in a time-lapse experiment on 293T cells that were cotransfected
with ACE2/TMPRSS2 expression constructs, we observed that luciferase activity
increased up to 18 h for SARS1-S and SARS2-S1/52-mut and possibly up to 24 h for
SARS2-S (Fig. 1E). Also, activities between SARS1-S, SARS2-S, and SARS2-51/S2-mut
were not meaningfully different at any time point. Activity is shown on a linear scale
here, which allows for discrimination of smaller differences and which we use from
here on.

The S$1/52 site is critical for syncytium size. Our results demonstrated mostly nor-
mal fusion activity of the $1/52 mutant in our system when TMPRSS2 was present.
Therefore, we wanted to address how mutation of the S1/52 site translates into syncy-
tium formation in our system, as several reports clearly demonstrated that the S1/52
site is important for this process (12, 25). It should be noted that initial cell-cell fusion
and syncytium formation may not necessarily be the exact same thing. After the initial
fusion event, all factors that were originally present in separate cells, i.e., viral glycopro-
tein, receptor, and activating proteases, are then together in a single syncytial cell and
can interact directly upon coexpression. As our reporter also encodes a TurboGFP that
is fused to firefly luciferase, syncytium formation can be conveniently visualized. Under
the microscope, we indeed observed that in the presence of ACE2 and TMPRSS2, the
$1/52 mutant formed small but numerous syncytia, while wt SARS2-S formed larger
syncytia (Fig. 1F). Luciferase reporter activities were comparable. The formation of
extended syncytia is obviously a quality that our luciferase reporter does not capture,
and interestingly, this is not a matter of the timing of the measurement (Fig. 1E), as
even at earlier time points, the luciferase activities between wt SARS2-S and the $1/52
mutant as well as SARS1-S were similar. We conclude that our luciferase assay meas-
ures primarily the initial fusion between effector and target cells and not the formation
of extended syncytia.

SARS2-S-mediated cell-cell fusion is dependent on ACE2 receptor expression
and is less restricted by TMPRSS2-mediated activation in trans than SARS1-S-
mediated fusion. As we found SARS2-S capable of fusing 293T cells efficiently when
ACE2 was expressed without TMPRSS2, while SARS1-S was fully fusogenic only in the
presence of TMPRSS2, we decided to analyze SARS2-S, SARS1-S, and SARS2-51/52-mut
as well as the SARS2-S2'-AA mutant in the context of different ACE2 and TMPRSS2
expression levels (Fig. 2). In this setting, we again observed the robust fusion activity of
SARS2-S, which was essentially unaltered by different levels of TMPRSS2 but required
the presence of ACE2 (Fig. 2A). SARS1-S, on the other hand, exhibited high activity
under all conditions with TMPRSS2 present, whether ACE2 was recombinantly expressed
or not. The activity of the SARS2-52"-AA mutant was low under all conditions but was
highest under the condition with maximal ACE2 expression and not responsive to changes
in TMPRSS2 levels. SARS2-51/52-mut exhibited an interesting behavior in that it exhibited
reduced fusion activity when either ACE2 or TMPRSS2 was absent but was fully fusion
competent under all conditions in between, with probably a slight trend toward highest
activity with comparatively low TMPRSS2 levels, and so it was similar in that respect to
SARS1-S. The respective protein levels present at the end of the coculture are shown in
Fig. 2B. We labeled the fully processed S2 fragment with an asterisk, as the exact nature of
this fragment cannot be deduced with full confidence from its apparent molecular size,
even if it may be the so-called S2 fragment after cleavage at this site. Interestingly, the SO
and S2 fragments of SARS2-S are visibly processed to a large degree into smaller
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fragments under conditions that allow for high fusion activity. We decided to continue
with transfecting equal amounts of ACE2 and TMPRSS2 expression plasmids.

Differential effects of the TMPRSS2 inhibitors camostat and bromhexine and
the bromhexine metabolite ambroxol on SARS1-5- and SARS2-S-mediated fusion.
For a comprehensive analysis, we measured fusion with target cells that were cotrans-
fected with ACE2 and TMPRSS2 expression plasmids, in addition to cells transfected
with either the ACE2 or TMPRSS2 expression plasmid alone. As fusion effectors, SARS1-
S and SARS2-S as well as SARS2-51/52-mut and SARS52-52'-AA were included. To test
the effects of TMPRSS2 inhibition by small molecules on the activation of wt SARS2-S
and the two mutants as well as SARS1-S, we incubated the different target cells with
bromhexine (reportedly a specific inhibitor of TMPRSS2 [15]), the chemically related
compound ambroxol, or camostat (an irreversible inhibitor of TMPRS52 and many ser-
ine proteases in general [28, 29]) at 50 uM (Fig. 3A). We chose this high concentration,
which is most likely outside any therapeutic range except for that of ambroxol, as over-
expression of TMPRSS2 may shift the 50% effective concentration (ECs) considerably
upwards.

As observed before (Fig. 1D), in the presence of ACE2 and TMPRSS2, both SARS1-S
and SARS2-S exhibited strong fusion activity, as did SARS2-51/52-mut. SAR52-52"-AA,
on the other hand, was strongly impaired under these conditions.

ACE2 expression alone was sufficient for inducing the high fusion activity of SARS2-
S but induced only moderate activity of SARS1-S. Levels of ACE2 expression were
higher in single-transfected cells (Fig. 3B). This observation is compatible with data
from the literature stating that ACE2 is cleaved by TMPRSS2 (10), which conceivably
reduces detection by Western blotting, in addition to potential competition effects
between expression plasmids.

Nevertheless, SARS2-S-driven fusion was clearly not limited by TMPRSS2 expression
and reached its highest activity when only ACE2 was expressed. The 51/52 cleavage
site mutant of SARS2-S, on the other hand, exhibited reduced activation in the pres-
ence of ACE2 without additional TMPRSS2 activity, whereas the SARS-52'-AA mutant
again exhibited low but detectable fusion activity when ACE2 was overexpressed.
Overexpression of TMPRSS2 did not increase the fusion activity of SARS-S2'-AA.
Conversely, SARS1-S-driven fusion was clearly more enhanced by the overexpression
of TMPRSS2 than by the overexpression of ACE2, reaching high activity under condi-
tions where only TMPRSS2 was recombinantly expressed, and was only weakly acti-
vated by ACE2 expression in the absence of recombinant TMPRSS52 expression (Fig. 2A
and 3A).

We observed that cell-cell fusion by SARS1-S and SARS2-S was not inhibited by
bromhexine and that only SARS1-S activity was slightly inhibited by ambroxol in the
presence of TMPRSS2. Surprisingly, we observed an induction of SARS2-5 fusion activ-
ity in the presence of bromhexine, significantly so when ACE2 and TMPRSS52 were
coexpressed. Camostat did not reduce SARS2-5-mediated fusion in this setting unless
TMPRSS2 was overexpressed without ACE2. However, both SARS2-51/52-mut and even
more pronouncedly SARS1-S exhibited a significantly reduced fusion activity in the
presence of camostat. The strong induction of SARS1-5-mediated fusion by TMPRS52
was clearly reversed by camostat but not by bromhexine. Notably, camostat did not
exert any inhibitory effect on the remaining fusion activity of the SARS2-52"-AA mu-

FIG 2 Legend (Continued)

Journal of Virology

expression plasmids for the indicated spike variants and Vpl16-Gal4 transactivator) were cultured together with target cells
(293T cells transfected with ACE2 or TMPRS52 expression plasmids at the indicated ratios and the Gal4-TurboGFP-Luc reporter
plasmid). After 24 h, luciferase activity was measured. The data show averaged relative luminescence units, and error bars
represent the standard deviations from one representative experiment performed in triplicate. Comparisons were made against
the condition with maximum activation using two-way ANOVA, and P values were corrected for multiple comparisons by
Sidak's method (P = 0.05, ns; P = 005, *; P = 0.01, **; P = 0.001, ***; P = 0.0001, ****). (B) The expression of proteins in target
cells and effector cells after cocultivation was analyzed by Western blotting from lysates harvested for determination of the
luciferase activity in panel A. The unprocessed spike (S0) and the 51/52-site processed spike (52) are indicated by arrows. An
additional cleavage product marked with an asterisk was observed. The predominant, processed, low-molecular-weight
TMPRSS2 fragment is shown. The expression of GAPDH served as a loading control. One representative Western blot is shown.
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FIG 3 SARS2-5-mediated cell-cell fusion of 293T cells is enhanced by bromhexine in the presence of TMPRSS2. (A) Cell-cell fusion assay. Effector cells (293T
cells transfected with either empty vector or expression plasmids for the indicated spike variants together with the Vpl16-Gal4 expression plasmid) were
added to target cells (293T cells transfected with empty vector, expression plasmids for ACE2 and TMPRSS2, alone or in combination, and the Gal4-
TurboGFP-Luc reporter plasmid) that had been preincubated for 30 min with bromhexine, ambroxol, or camostat. After addition of effector cells, effector
und target cells were cocultured in the presence of the respective inhibitors at 50 uM. After 24 h, luciferase activity was measured. The data show
averaged relative luminescence units, and the error bars represent the standard errors of the means from four independent experiments, each performed
in triplicate. Statistical significance was determined by two-way ANOVA, and P values were corrected for multiple comparisons by Sidak's method (P =
005, ns; P = 0.05, %; P = 001, * P = 0.001, ™ P = 0.0001, ***). For the comparison between inhibitor treatments, the three comparisons within each
family were corrected for. The P values for comparisons between different H,O (control)-treated target cell populations were corrected for multiple
comparisons of each target cell and effector cell combination in the inhibitor group (in total, 190 possible comparisons). (B) The expression of proteins in
treated target cells and effector cells after cocultivation was analyzed by Western blotting from lysates harvested for determination of the luciferase activity
shown in panel A. The unprocessed spike (50) and the 51/52 site-processed spike (52) are indicated by arrows. An additional cleavage product marked with
an asterisk was observed. The predominant, processed, low-molecular-weight TMPRSS2 fragment is shown. The expression of GAPDH served as a loading
control. One representative Western blot is shown. ev, empty vector. (C) Cell-cell fusion assay. Effector cells (293T cells transfected with the indicated
glycoprotein expression plasmids and the Gal4-Luc reporter plasmid) were cocultured with target cells (293T cells transfected with ACE2 and TMPRSS2
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tant, nor did TMPRSS2 expression induce the activity of this mutant, compatible with
the S2’ site being the primary target of TMPRSS52-mediated activation in trans.

The results were also mirrored by Western blotting (Fig. 3B) of SARS2-S under the
same conditions, if generation of the fully processed 52 fragment, which we labeled
with an asterisk, is analyzed. Generation of this fragment was clearly visible under all
conditions that allowed for high fusion activity, e.g, when ACE2 was present but less
so with TMPRSS2 alone. Interestingly, the addition of camostat increased the detecta-
ble amount of ACE2, probably explaining the slight trend toward higher activity in its
presence. Further, ambroxol reproducibly induced the generation of an atypical
TMPRSS2 autoproteolytic fragment, which may hint at some sort of modulating activity
of ambroxol toward TMPRSS2 (Fig. 3B, fourth lane).

Taken together, we observed robust SARS2-S-mediated cell-cell fusion with ACE2-overex-
pressing cells that was not dependent on exogenous TMPRSS2 expression and that was not
inhibited by bromhexine. Instead, fusion was enhanced by bromhexine. Cell-cell fusion medi-
ated by SARS2-S was clearly not at all or to a much lesser degree restricted by serine protease
activity on target cells than fusion by SARS1-5. Interestingly, ambroxol exhibited some activity
against TMPRS52-mediated activation of SARS1-5.

Bromhexine enhances SARS2-5-mediated fusion in the presence of TMPRSS2.
To further explore the paradoxical effect of the putative TMPRSS2 inhibitor bromhex-
ine on fusion activity, we performed fusion reactions in the presence of bromhexine
and ambroxol at different concentrations (Fig. 3C). In order to eliminate potential sys-
tematic errors, we deviated from our previous protocol in that we cocultured for 48 h
instead of 24 h and cotransfected the reporter plasmid into the effector instead of the
target cells, this time using a different luciferase reporter without TurboGFP. We again
did not observe inhibition by bromhexine but a dose-dependent enhancement.
Ambroxal treatment, on the other hand, did not lead to a similar enhancement but to
a slight decrease in activity at 50 uM. As a control fusion protein that works with practi-
cally any cell type, we included vesicular stomatitis virus glycoprotein (VSV-G). While
VSV-G is physiologically pH activated for full fusion activity (30), it reportedly exhibits
considerable activity without pH priming (31, 32). VSV-G-mediated fusion activity was
not increased by bromhexine.

SARS2-S5-mediated cell-cell fusion is sensitive to the inhibition of matrix
metalloproteases. The robust cell-cell fusion that we observed with SARS2-S in the
absence of TMPRSS2 activity should most likely be triggered by proteoclytic processing,
if the mechanism is analogous to what was observed for SARS-CoV (8, 33). Therefore,
we tested the effects of different protease inhibitors on SARS2-S-mediated fusion of
ACE2-expressing 293T cells without exogenous TMPRSS2 activity. As we wanted to
exclude the possibility that preactivation on the producer cells plays a role, we tested
the inhibitors both in the coculture {Fig. 4A) and with preincubation of both effector
and target cells (Fig. 4B). Values were normalized to those for the respective solvent
control for better comparison. We observed some inhibitory effect on SARS2-S and
SARS1-5 fusion activity by the broadband serine protease inhibitor 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) and by a protease inhibitor cocktail
whose main ingredients are the serine protease inhibitors AEBSF and aprotinin and the
cysteine protease inhibitors E64 and leupeptin. The 51/52 cleavage site mutant was
not sensitive to this inhibitor cocktail, suggestive of action at this site in the wild-type
SARS-CoV-2 spike. These effects were more pronounced and significant with preincu-
bation of the effector cells (Fig. 4B), in particular for the SARS2-52'-AA mutant.
Interestingly, the inhibitor cocktail almost completely abrogated the remaining fusion
activity of SARS1-S. The furin inhibitor decanoyl-RVKR-chloromethylketone (CMK) did

FIG 3 Legend (Continued)
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expression plasmids and the Vpl16-Gal4 expression plasmid) that had been preincubated for 30min with bromhexine or ambroxol. After addition of
effector cells, effector und target cells were cocultured with inhibitors at the indicated concentrations, and the luciferase activity of cell lysates was
measured after 48 h. Data show averaged relative luminescence units of one experiment performed in triplicate, and error bars represent standard

deviations.

May 2021 Volume 95 Issue 9 e00002-21

jviasmorg 9

Downloaded from https:/#journals.asm.org/journal/jvi on 23 June 2021 by 2003:d9:{713:6ded:2038:a0bc:21 10:696f.

31




Publications/Results

Journal of Virology

Hornich et al.

293T-ACE2
Cell-Cell Fusion

<

1= jejsowen
i |joxoiquy
i auIxaywoig
2 V193/v1a3
yuy

ns

2 v193/via3

1804

3gEesis
|013U02 JUBA|OS JO
Ayanoy uoisng 9,

SARS1-S SARS2-S2'-AA SARS2-S1/S2-mut

SARS2-S

293T-ACE2
Cell-Cell Fusion (Effector Pre-Incubation)

1969101 17:090:8E0T:POPYE LI :6PE00T £Q 170T 2unf £ U0 Aj[pumofy3ao wsesjruinofy:sdny wouy paprojumoq

2 jeysowe)
H joxoiquiy
i auixaywoig
v193/v1a3
ey yur

ns

ns

140+

|013UOD JUBA|OS JO
Ayanoy uoisng %,

SARS1-S SARS2-S2'-AA SARS2-S1/S2-mut

SARS2-S

SARS2-S

&)

293T
Luciferase Activi

e
12}
x
83 9
vV 2 Vv *
jejsowe) ' ' ﬁ
|oX0IqUUY/ . F..
auixaywolg ‘ .
vioaviaa| I T -
11ep4000 "yul | ..u
MND 3 F3
sssavi g s 4B
oHig ) s
© o e © © w
g R & EFB3

o w (=3 g o w o
w ~N =3 ~ w ~
8 e
|013u0) O d2UBISBUIWNT %,

I e —— Y

FIG 4 Sensitivity of SARS2-S-mediated 293T cell-cell fusion to different inhibitors. (A) Cell-cell fusion assay. Effector cells

(293T cells transfected with expression plasmids for the indicated spike variants together with the Vp16-Gal4 expression
plasmid) were added to target cells (293T cells transfected with expression plasmids for ACE2 and the Gal4-TurboGFP-Luc
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not significantly inhibit any of the spikes except for the S2" mutant (Fig. 4A and B). This
was somewhat surprising for us, but it may reflect the fact that proteases other than
furin can cleave at the $1/52 site (34), which may in turn partially obviate furin cleavage
in our system. We also tested EDTA/EGTA, bromhexine, ambroxol, and camostat, which
as expected had no effect in this TMPRSS2-free system. EDTA/EGTA had a mild impact
on SARS1-S fusion activity with and without preincubation (Fig. 4A and B). Bromhexine
and ambroxol exhibited an interesting behavior in this assay. We observed inhibitory
activity of bromhexine and ambroxol toward SARS1-S and the SARS2-S1/S2-mut and
SARS2-S2'-AA mutants in this TMPRSS2-free cell system, suggesting that these sub-
stances somehow interact with the spike proteins or ACE2. The luciferase activity of
control cells, which were transfected with both the Gal4 response element-driven re-
porter and the Gal4 transactivator constructs, was only mildly affected by AEBSF, the
inhibitor cocktail, EDTA/EGTA, and bromhexine, not by the other substances (Fig. 4C).
In particular, any reductions observed with ambroxol cannot be explained by nonspe-
cific effects on the luciferase reporter system and most likely represent real inhibitory
activity against SARS1-S-mediated fusion activity and fusion mediated by the two
SARS2-S cleavage site mutants.

Western blot analysis suggested that the protease inhibitor cocktail may have had a
somewhat stabilizing effect on the S2 intermediate form of SARS2-S (Fig. 4D), which
resulted in less processing into the putative S2' form (marked by an asterisk). CMK
both reduced “smear” at higher molecular weight, which likely represents glycosylation
variants, and reduced the abundance of the S2 proteolytic product, which should be
generated through cleavage at the polybasic cleavage site, compatible with furin inhi-
bition. As none of the tested inhibitors resulted in a meaningful reduction of the fusion
activity of wt SARS2-S that could not also be explained by toxicity, we decided to test a
more potent inhibitor of metalloproteases than EDTA/EGTA, whose maximum concen-
tration is limited by its effects on cell adhesion and viability. The EDTA/EGTA concen-
tration that was used by us was most likely too low to meaningfully impact protease
activity, in particular as the cell culture medium contains calcium and magnesium. We
therefore tested batimastat, which inhibits matrix metalloproteases (35, 36).

Batimastat indeed inhibited SARS2-S-dependent fusion in the absence of TMPRSS2
in a dose-dependent manner (Fig. 5A). Interestingly, no inhibition was observed in the
presence of both ACE2 and TMPRSS2 or in the presence of TMPRSS2 alone unless
TMPRSS2 was inhibited by camostat (Fig. 5A). Therefore, batimastat-sensitive metallo-
proteases cleave SARS2-S to activate cell-cell fusion. This notion is supported by the
finding that TMPRSS2 expression can overcome the batimastat-induced block. Western
blot analysis of the fusion reactions indicated that batimastat probably induced a
subtle change in the migration pattern of the SARS2-S S2 fragment in the presence of
ACE2 but without TMPRSS2 (Fig. 5B). We next decided to test the effect of batimastat

FIG 4 Legend (Continued)

reporter plasmid) that had been preincubated for 30 min with twice the final concentration of AEBSF (200 M), the furin
inhibitor CMK (10 zM), proteinase inhibitor cocktail, EDTA/EGTA (2.5mM each), bromhexine (50 xM), ambroxol (50 uM),
and camostat (50 uM). After addition of effector cells, effector und target cells were cocultured in the presence of the
respective inhibitors. After 24 h, luciferase activity was measured. The data show values normalized to those after solvent
treatment, which was set to 100%, and the error bars represent the standard deviations from three independent
experiments, each performed in triplicate. (B) Cell-cell fusion assay as shown in panel A, except that effector cells were
preincubated with the indicated inhibitors for 18 h before being cocultured with target cells. The target cells were
preincubated with the indicated inhibitors for 30 min before the addition of effector cells. After 24 h, luciferase activity
was measured. The data show values normalized to those after solvent treatment, which were set to 100%, and the
error bars represent the standard deviations from three independent experiments, each performed in triplicate. (C) 293T
cells were transfected with Vp16-Gal4 and Gal4-TurboGFP-Luc reporter expression plasmids and were incubated with
inhibitors as described for panel A. After 24 h, luciferase activity was measured. The data show values normalized to
those after solvent treatment, which were set to 100%, and error bars represent the standard deviations from one
representative experiment performed in triplicate. (D) The expression of proteins in treated target cells and effector cells
after cocultivation was analyzed by Western blotting from lysates harvested for determination of the luciferase activity
shown in panel A. The unprocessed spike (S0) and the S1/S2 site-processed spike (S2) are indicated by arrows. An
additional cleavage product marked with an asterisk was observed. The predominant, processed, low-molecular-weight
TMPRSS2 fragment is shown. The expression of GAPDH served as a loading control. One representative Westem blot is
shown.
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FIG 5 The matrix metalloproteinase inhibitor batimastat inhibits SARS2-5-mediated cell-cell fusion. (A) Cell-cell fusion
assay. Effector cells (293T cells transfected with expression plasmids for the indicated spike variants together with the
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on the fusion activity of the $1/52 mutant and the 52'-AA mutant under conditions of
ACE2 overexpression without TMPRSS2 (Fig. 5C, left). Both mutants were inhibited by
batimastat, indicating that matrix metalloproteases can cleave irrespective of an intact
51/52 or 52 cleavage site, although this does not necessarily rule out a modulating
effect in particular by 51/52 cleavage, as mutation of 51/52 leads to impaired activity
without TMPRSS2. SARS1-S was also slightly affected by batimastat under these condi-
tions but at an overall very low activity level (compare Fig. 5A). Under conditions of
ACE2 and TMPRSS2 coexpression, which leads to lower ACE2 levels (compare Fig. 2B,
3B, and 5B), SARS2-51/52-mut was not impacted by batimastat unless TMPRS52 was
again inhibited by the addition of camostat (Fig. 5C, middle), whereas the activity of
the 52" mutant was inhibited in the presence of batimastat alone, strongly suggesting
that TMPRSS2 activates via the 52’ site. Under conditions of TMPRSS2 overexpression
without ACE2 overexpression (Fig. 5C, right), batimastat was again without effect.
Results with the SARS2-52'-AA mutant come with the caveat that this mutant was
barely active at all under these conditions (Fig. 2A and 3A). In summary, these experi-
ments demonstrate that in the presence of the ACE2 receptor, matrix metalloproteases
can efficiently activate SARS2-5 for cell-cell fusion.

The SARS2-S 52’ site is the target site for TMPRSS2-mediated proteolytic
activation. While our results with the SAR52-52'-AA mutant were already strongly sug-
gestive of 52" being the target site for TMPRSS2, this conclusion remained slightly am-
biguous in light of the relatively low surface expression and inefficient proteolytic proc-
essing of this mutant (Fig. 1B and C). We therefore set out to generate an 52" mutant
that is still efficiently processed and expressed at the cell surface. We permutated sev-
eral amino acids to replace the original KR (Fig. 1A) sequence motif and tested fusion
activity in the presence of ACE2, TMPRSS2, and ACE2/TMPRSS2. We found that SARS2-
52'-GH and -HH mutants were active in our fusion assay, whereas EE and ES resulted in
abrogation of fusion activity to below the levels achieved with the AA mutant (Fig. 6A).
The GH mutant was also processed (Fig. 6B) and efficiently expressed at the cell surface
and exhibited high ACE2 binding capacity (Fig. 6C). For further experiments, we contin-
ued with the SARS2-52'-GH mutant. Interestingly, when we tested the furin inhibitor
CMK for its effects in the absence of TMPRSS2, all spike variants were slightly less
active, but only the 52'-GH variant was significantly inhibited, suggesting increased de-
pendence on prepriming by furin in the absence of the 52’ site (Fig. 6D).

Confirming the results of our prior fusion assays with the AA mutant, SARS2-52'-GH
and SARS2-52'-HH fusion activities on 293T cells in the presence of only ACE2 were
sensitive to batimastat (Fig. 6E, left), and on 293T cells expressing ACE2/TMPRSS52, both
SARS2-52'-GH and SARS2-52'-HH were insensitive to camostat but again highly sensi-
tive to batimastat (Fig. 6E, right). The fusion activities of the 52 mutants were even
increased in the presence of camostat, likely because inhibition of TMPRSS2 increases
ACE2 levels, as demonstrated in Fig. 3B. This unequivocally identifies the 52’ site as the

FIG 5 Legend (Continued)

Vple-Gal4 expression plasmid) were added to target cells (293T cells transfected with expression plasmids for ACE2, ACE2/
TMPRSS2, or TMPRSS2 and the Gal4-TurboGFP-Luc reporter plasmid) that had been preincubated with batimastat or
camostat for 30 min at twice the indicated final concentration. After 24 h, luciferase activity was measured. The data show
averaged relative luminescence units, and error bars represent the standard deviations from one representative
experiment performed in triplicate. (B) The expression of proteins in treated target cells and effector cells after
cocultivation was analyzed by Western blotting from lysates harvested for determination of luciferase activity shown in
panel A. The unprocessed spike (50) and the 51/52 site-processed spike (S2) are indicated by arrows. An additional
cleavage product marked with an asterisk was observed. The predominant, processed, low-molecular-weight TMPRS52
fragment is shown. The expression of GAPDH served as a loading control. One representative Western blot is shown. ev,
empty vector. (C) Cell-cell fusion assay. Effector cells (293T cells transfected with expression plasmids for the indicated
spike variants together with the Vp16-Gal4 expression plasmid) were added to target cells (293T cells transfected with
expression plasmids for ACE2, ACE2/TMPRSS2, or TMPRSS2 and the Gald-TurboGFP-Luc reporter plasmid) that had been
preincubated for 30 min with batimastat (10 M) andfor camostat (50 M) at twice the final concentration. After 24 h,
luciferase activity was measured. The data show values normalized to those after solvent treatment, which were set to
100%, and the error bars represent the standard deviations from three independent experiments, each performed in
triplicate. Statistical significance in panels A and C was determined by two-way ANOVA, and P values were corrected for
multiple comparisons by Sidak’s method (P = 0.05, ns; P = 005, *; P = 0.01, **; P = 0.001, ***; P = 0.0001, ****).

May 2021 Volume 95 Issue 9 e00002-21 Jviasmorg 13

Downloaded from https:/#journals.asm.org/journal/jvi on 23 June 2021 by 2003:d9:{713:6ded:2038:a0bc:21 10:696f.

35




Publications/Results

Hornich et al.

>

293T
Cell-Cell Fusion

Journal of Virology

FIG 6 The conserved S2’ site is the site of TMPRSS2-mediated activation of SARS2-S for cell-cell fusion. (A) Cell-cell fusion assay.
Effector cells (293T cells transfected with expression plasmids for the indicated spike variants together with the Vp16-Gal4 expression
plasmid) were added to target cells (293T cells transfected with expression plasmids for ACE2, ACE2/TMPRSS2, or TMPRSS2 and the
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TMPRSS2 target site and, interestingly, as the only TMPRSS2 target site, at least for the
activation of fusion.

The entry of SARS2-S-pseudotyped lentiviruses is enhanced by TMPRSS2 and is
not inhibited by bromhexine. To compare our findings on cell-cell fusion to spike
protein-driven entry, we used lentiviral particles expressing green fluorescent protein
(GFP) as a reporter gene, pseudotyped with SARS2-S. We found that TMPRSS2 expres-
sion was clearly required for efficient infection of 293T cells by SARS2-S-pseudotyped
particles (Fig. 7A). ACE2 overexpression alone also enhanced infection but considerably
less efficiently and barely above the detection limit, which may be owing to our lentivi-
ral GFP system. TMPRSS2-mediated enhancement was reduced by the addition of
camostat but not by the addition of bromhexine or ambroxol, both of which may even
slightly enhance infection in this setting. These observations were corroborated by flu-
orescence microscopy (Fig. 7B). As luciferase is more sensitive than GFP as a reporter
gene, we switched to luciferase detection (Fig. 7C). We also included the SARS2-S
D614G variant. As previously reported, D614G-driven infection was more efficient (37).
It was also strongly enhanced by TMPRSS2, as evidenced by potent camostat-mediated
inhibition. Ambroxol and bromhexine had no activity in this system, as opposed to
camostat. Batimastat did not alter SARS2-S-driven entry. A VSV-G-pseudotyped lentivi-
rus was not significantly affected by either substance.

Mutation of the S2’ site uncouples infection from TMPRSS2. Next, we aimed to
corroborate our findings regarding the S2’ site as TMPRSS2's target site for cell-cell
fusion in pseudoparticle infection. Our SARS2-S2’-GH mutant was efficiently incorpo-
rated into lentiviral particles, as was SARS2-51/52-mut (Fig. 7D). Both spike mutants
could drive entry into 293T cells expressing ACE2/TMPRSS2, but SARS2-S2'-GH did so
with reduced efficiency and SARS2-S1/S2-mut probably with increased efficiency,
although we did not test for the latter (Fig. 7E). None of the spike variants was inhib-
ited by batimastat. SARS2-S wt and SARS2-51/52-mut were inhibited by camostat, but
not by batimastat or E64-d, indicating proteolytic activation by TMPRSS2. The S2" mu-
tant, on the other hand, was exclusively inhibited by E64-d, indicating that it was re-
fractory to activation by TMPRSS2 and dependent on activation by cathepsins.

SARS-CoV-2 is weakly inhibited by ambroxol on Calu-3 lung cells. As transfected
293T cells express TMPRSS2 at high and possibly variable levels between cells and
allow for at least some entry via endocytosis, weak modulatory effects on ACE2 or
TMPRSS2 might be missed in that system. Calu-3 cells express TMPRSS2 to much
higher levels than 293T cells (Fig. 8A), which are practically negative, but still at endog-
enous levels. We therefore infected the Calu-3 lung cell line with our lentiviral pseudo-
particles (Fig. 8B). These cells allow for infection by our lentiviral pseudoparticles only
at very low levels (not shown). In order to achieve infection at faithfully detectable
levels, we used the D614G variant, which exhibited the same sensitivity profile to

FIG 6 Legend (Continued)

Gal4-TurboGFP-Luc reporter plasmid). After 24 h, luciferase activity was measured. The data show fold values for the empty vector
control, and the error bars represent the standard deviations of results from three independent experiments, each performed in
triplicate. (B) Expression of analyzed spike variants in 293T cells. The unprocessed spike (S0) and the S1/S2 site-processed spike (S2)
are indicated by arrows. The expression of GAPDH served as a loading control. (C) Cell surface expression and ACE2 binding. Cell
surface expression and binding of soluble ACE2-Fc by the indicated spike variants was determined by flow cytometry. Analysis was
performed as in Fig. 1C. (D) Cell-cell fusion assay. Effector cells (293T cells transfected with expression plasmids for the indicated spike
variants together with the Vp16-Gal4 expression plasmid) were preincubated with the furin inhibitor CMK (10 M) and after 16 h were
added to target cells (293T cells transfected with expression plasmids for ACE2 and the Gal4-TurboGFP-Luc reporter plasmid) that had
been preincubated for 30 min with the same inhibitor concentration. After the addition of effector cells, effector und target cells were
cocultured in the presence of CMK. After 24 h, luciferase activity was measured. The data show values normalized to those for solvent
treatment, which were set to 100%, and the error bars represent the standard deviations from two independent experiments, each
performed in triplicate. (E) Cell-cell fusion assay. Effector cells (293T cells transfected with expression plasmids for the indicated spike
variants together with the Vp16-Gal4 expression plasmid) were added to target cells (293T cells transfected with expression plasmids for
ACE2, ACE2/TMPRSS2, or TMPRSS2 and the Gal4-TurboGFP-Luc reporter plasmid) that had been preincubated with batimastat and/or
camostat for 30min at twice the final concentration; final concentrations were 10uM batimastat and/or 50uM camostat. After 24 h,
ludiferase activity was measured. The data show values normalized to those for solvent treatment, which were set to 100%, and the error
bars represent the standard deviations from two independent experiments, each performed in triplicate. Statistical significance in panels A,
C, D, and E was determined by two-way ANOVA, and P values were corrected for multiple comparisons by Sidak's method (P > 0.05, ns;
P =005, *% P =001,*; P = 0001, ***; P = 00001, ***).
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FIG 7 Requirements for the entry of SARS2-S-pseudotyped lentiviral particles differ from requirements for SARS2-S-mediated cell-cell fusion.
(A) 293T cells transfected with an empty vector or ACE2/TMPRSS2, ACE2, or TMPRSS2 plasmid were preincubated with bromhexine,
ambroxol, or camostat at the indicated concentration before the addition of lentiviral particles pseudotyped with SARS2-S. Forty-eight hours
after transduction, the cells were analyzed via flow cytometry. Data show averaged percentages of GFP-positive cells, and error bars
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inhibitors but was about 1 log more efficient at driving entry (Fig. 7C). By now,
D614G has become the dominant variant globally and is therefore probably also
more relevant. As expected, SARS2-S-driven entry was practically abrogated by
50 uM camostat. Bromhexine again had no detectable impact on SARS2-S-driven
entry. Ambroxol, on the other hand, exhibited a weakly inhibitory effect on SARS2-
S-driven infection in this system, even if that needs a linear scale for proper visual-
ization. Interestingly, both substances, but bromhexine more so, affected entry of
VSV-G-pseudotyped particles negatively. This is likely owing to the targeting of
lysosomal processes by these two substances (38, 39). Finally, we wanted to test
whether this small but detectable effect would translate into inhibition of authentic
virus. We therefore infected Calu-3 cells with a clinical isolate of SARS-CoV-2 at a
low multiplicity of infection (MOI) and quantified the viral RNA after 20 to 24 h by
reverse transcription-quantitative PCR (RT-qPCR) (Fig. 8C). We chose 5uM and
50 uM as concentrations for ambroxol and bromhexine and 10 uM for batimastat.
For ambroxol, which is heavily enriched in lung tissue, 50 uM might be a clinically
attainable concentration. Interestingly, for ambroxol and bromhexine, viral RNA
copy number trended lower upon treatment and in a dose-dependent manner, as
can be observed in the raw cycle threshold (C;) values (Fig. 8C) and after relative
quantification (Fig. 8D). Reduction by both ambroxol and bromhexine at 50 uM was
significant, even if inhibition by ambroxol remained significant only without correc-
tion for multiple comparisons, which is appropriate in light of a dose response
(analysis of variance [ANOVA] with a posttest for the linear trend in C; values at
0uM, 5 M, and 50 uM; results were significant for ambroxol and bromhexine). Ten
micromolar batimastat (compared to the dimethyl sulfoxide [DMSO] solvent) had
no significant effect on SARS-CoV-2 mRNA level, even if DMSO alone had quite
some impact compared to water, most likely due to the high concentration needed,
which was 1%. In a cell viability assay with Calu-3 cells using dilutions of commer-
cial over-the-counter cough thinners, neither bromhexine nor ambroxol exhibited
significant effects up to 10 uM (Fig. 8E). We used the cough thinners as an alterna-
tive source of ambroxol and bromhexine for some control experiments, which were
not included in this paper, to control for the specificity of the observed effects and
their independence from the source of the two substances. Bromhexine but not
ambroxol clearly impacted cell viability at 100 .M, which is compatible with our
observations of 293T cells (Fig. 4C), although it should be noted that the toxicity of
bromhexine may have been overestimated in Fig. 8E due to nonactive ingredients
of the cough thinner.

DISCUSSION

We have established a two-hybrid-based protocol for measuring spike-mediated
cell-cell fusion that allows for the quantitation of cell-cell fusion by luciferase activity
and visualization of syncytia by GFP fluorescence. Our finding that SARS1-S-mediated
and SARS2-S-mediated fusion activity is activated by the ACE2 receptor is in accord-

FIG 7 Legend (Continued)

represent the standard deviations from one representative experiment performed in triplicate. (B) Micrographs of ACE2- and TMPRSS2-
transfected cells that were infected with the respective lentiviral GFP-encoding pseudotype particles. (C) 293T cells transfected with ACE2/
TMPRSS2 were preincubated with batimastat (10xM), bromhexine (50 M), ambroxol (50 xM), AEBSF (200 M), camostat (50 uM), or
batimastat (10 M) in combination with camostat (50.M) before the addition of lentiviral particles pseudotyped with the respective
glycoprotein. Forty-eight hours after transduction, the cells were lysed and luciferase activity was determined. Data show fold changes over
background (bald particles with solvent control), and error bars represent the standard deviations from three independent experiments,
each performed in triplicate; raw values were log,, transformed before analysis. (D) Western blot analysis of incorporation of the respective
spike variants into lentiviral particles used in panel E and lysate control of transfected 293T cells used for the production of lentiviral
particles. p24 and GAPDH served as loading controls. (E) 293T cells transfected with ACE2/TMPRSS2 were preincubated with batimastat
(10 uM), E64-d (25 uM), camostat (50 «M), or batimastat (10 xM)/E64-d (25 M) in combination with camostat (50 »M) before the addition of
lentiviral particles pseudotyped with the respective glycoproteins. Forty-eight hours after transduction, the cells were lysed and luciferase
activity was determined. Data show fold changes over background (bald particles with the solvent control), and error bars represent the
standard deviations from two independent experiments, each performed in triplicate; raw values were log,, transformed before analysis.
Statistical significance in panels A, C, and E was determined by two-way ANOVA, and P values were corrected for multiple comparisons by
Sidak’s method (P> 0.05, ns; P=0.05, *; P=0.01, **; P=0.001, ***; P=0.0001, ****).
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FIG 8 SARS-CoV-2 is weakly inhibited by bromhexine and ambroxol on Calu-3 cells. (A) RT-qPCR analysis of TMPRSS2 expression. Fold
TMPRSS2 mRNA expression in Calu-3 cells, 293T cells, and A549 cells was measured by RT-gPCR using the AAC; method. The -RT
control (without reverse transcription) for the GAPDH mRNA was not negative as expected, but the contamination was considered
irrelevant as its C; was more than 19 cycles over the value of the sample, representing a contamination of less than 0.01%. Error bars
represent the upper error bounds calculated from the sum of the standard deviations (SDs) of the AC, values for each cell line. (B)
Calu-3 cells were infected with lentiviral particles encoding a TurboGFP-luciferase reporter gene pseudotyped with SARS2-S in the
presence of 50 uM bromhexine, ambroxol, or camostat. Forty-eight hours after transduction, the cells were lysed and luciferase
activity was determined. The data show values normalized to those for solvent treatment, which were set to 100%, and the error bars
represent the standard deviations from three independent experiments, each performed in triplicate. (C) Viral RNA load. Calu-3 cells were
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ance with published data (11), whereas our finding that SARS2-S-mediated cell-cell
fusion is relatively more restricted by ACE2 expression and less by proteolytic activa-
tion than SARS1-S-mediated fusion is novel. This is because SARS-CoV-2 can efficiently
utilize metalloproteases for activation of cell-cell fusion. Further, we have faithfully
established the S2’ site of SARS2-S as the target for TMPRSS2-mediated activation
through generation of a mutant that is defective for TMPRSS2 activation but otherwise
fully functional.

In our system, TMPRSS2 coexpression on ACE2-expressing target cells was not
required for SARS2-S-mediated fusion of ACE2-overexpressing 293T cells, comparable
with the results of Ou et al., in whose study ACE2 expression alone was also sufficient
to induce cell-cell fusion without the addition of exogenous protease (11), which was
corroborated by a very recent report (40). Furthermore, we did not observe any effect
on SARS2-S-mediated fusion activity upon inhibition of TMPRSS2 on target cells by the
serine protease inhibitor camostat when ACE2 was present. Together, these results
imply that proteolytic activation by TMPRSS2 may not be a limiting factor for cell-cell
fusion in 293T cells. A recent report demonstrated that upon cotransfection of spike,
ACE2, and TMPRSS2, TMPRSS2 accelerates fusion. The size of the resulting syncytia
showed a TMPRSS2 dependency only within the first 12 h but was independent after
24 h in that report (41), which is compatible with our observations of efficient cell-cell-
fusion without TMPRSS2 in 293T cells.

While SARS1-S-mediated cell-cell fusion was also weakly activated when ACE2 was
expressed alone, activation was much higher in the presence of TMPRSS2, indicating
stronger dependence of SARS1-S on TMPRSS2, compatible with the monobasic $1/52
cleavage site in the SARS-CoV spike protein. Surprisingly, we even observed maximal
activation with overexpression of only TMPRSS2, indicating that SARS1-S-mediated
cell-cell fusion is mostly protease and not ACE2 driven. In line with this observation,
SARS1-S-mediated cell-cell fusion was clearly sensitive to camostat, which reversed the
TMPRSS2-mediated activation (Fig. 3A).

Interestingly, mutational ablation of the S1/52 cleavage site of SARS2-S rendered
the mutated spike protein sensitive to inhibition by camostat in the presence of ACE2
and TMPRSS2 (Fig. 3A), suggesting that TMPRSS2 or a related protease is required for
processing at the S2’ site to reach full activation when the S1/52 site is not cleaved. In
addition, in the absence of recombinantly expressed TMPRSS2, SARS2-51/S2-mut was
clearly impaired with regard to fusion activity (Fig. 2A). Conversely, mutation of the S2'
priming site abrogated any effects of TMPRSS2 on SARS2-S-mediated fusion, e.g., when
TMPRSS2 alone was provided by means of recombinant expression (Fig. 3A and 6A) or
when TMPRSS2 was inhibited by camostat (Fig. 6E). It should be noted that the SARS2-
S S2’ mutants were still fusogenic in the presence of high levels of the ACE2 receptor
(Fig. 2A, 3A, and 6A and E), in the case of the GH and HH S2’ mutants even at moder-
ate ACE2 levels, and in the absence of TMPRSS2 with activity similar to that of the
wild type (Fig. 6A). The S2’ GH mutant was also efficiently incorporated (Fig. 7D) and
able to drive the infection of pseudotyped lentiviral particles (Fig. 7E). With wt
SARS2-S or SARS2-S1/52-mut, but not with the SARS2-S S2' mutants, recombinant
expression of TMPRSS2 led to low but detectable fusion activity (Fig. 2A and 6A).

FIG 8 Legend (Continued)

infected with SARS-CoV-2 in the presence of bromhexine, ambroxol, camostat, or batimastat at the indicated concentrations. Viral RNA was

quantified by RT-gPCR 24 h (experiment 1 and 2) or 20 h (experiment 3) postinfection. The median C; values of three experiments (each
experiment was performed in biological triplicates) are plotted (experiment 1, dots; experiment 2, triangles; experiment 3, squares), and the
mean was determined. Significant differences from solvent controls are indicated by asterisks. Significance was determined using repeated-
measures one-way ANOVA and Fisher's least significant difference test without correcting for multiple comparisons. Differences were also
significant using two-way ANOVA without correction for multiple comparisons and all available data, but the use of the median from each
experiment reduced variance. All samples were compared to water except for bati which was compared to DMSO. (D) Relative viral
RNA expression. Using the median C; values from each experiment series, as described above, and the experimentally determined PCR
efficiency, the amount of viral RNA was calculated as the percentage of the solvent control for each inhibitor. (E) Cell viability. The cell
viability of Calu-3 cells was determined after culture in the presence of the indicated compounds in two independent assays, each
performed in biological triplicate. Statistical significance was determined using two-way ANOVA (P = 0.05, ns; P = 005, ; P = 001, *; P =
0.0001, ****),
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Collectively, these findings identify the S2’ site as the primary target of TMPRSS2 for
fusion activation.

Another observation was that the S2'-AA mutant, as observed in Fig. 1C and 6C,
exhibited drastically reduced surface expression. In fact, a similar incorporation defect
has been described in the literature for SARS-CoV (26). Whatever the reason for this
defect, we were able to overcome it completely by replacing the S2" motif KR with the
amino acids GH, which restored surface expression (Fig. 6C), processing into S1 and S2
subunits (Fig. 6B), and particle incorporation (Fig. 7D). The reasons for this phenom-
enon are unclear. Charge reversal of S2’ from KR to EE was definitely detrimental to ac-
tivity, indicating that solubility may not be the critical point. As histidine may carry a
positive charge depending on the local environment, our findings might hint at a
requirement for at least one positive charge at this position.

Our results clearly demonstrate that cleavage at the S1/52 site alone is not sufficient
for fusion activity in the presence of ACE2 and requires additional processing at S2’ or
another site. This has been established for particle entry (12), but it was not entirely
clear for cell-cell fusion, as the precleaved spike was clearly fusogenic also in conditions
without exogenous protease activity in several reports (11, 12, 25, 41), which may have
been interpreted as a cell-cell fusion-ready state after S1/52 cleavage. While our initial
attempts to block the fusion activity of wt SARS2-S and the S1/52 mutant in the presence
of ACE2 receptor but without TMPRSS2 were relatively unsuccessful, treatment with the
metalloprotease inhibitor batimastat reduced fusion by both the wt (Fig. 5A) and the S1/
S2 mutant (Fig. 5C), as well as fusion by the 52’ mutants (Fig. 6E). These findings indicate
that metalloproteases can activate SARS2-S and that this activation occurs at least in part
independently of the S1/52 site and of the S2 site, as both mutants were still batimastat
sensitive. On the other hand, the S1/52 mutant was clearly less active in the absence of
TMPRSS2, indicating that matrix metalloproteases activate more efficiently when the $1/52
site is present. These findings are in line with a very recent report describing similar obser-
vations using different inhibitors (40).

As SARS2-S did not require TMPRSS2 on target cells for robust cell-cell fusion, our
attempts to test the impact of bromhexine as a specific inhibitor of TMPRSS2 on
SARS2-S-mediated fusion activity were somewhat artificial. Nevertheless, SARS1-S-
mediated fusion was clearly enhanced by TMPRSS2, as was fusion by SARS2-51/52-
mut, and both were inhibited by camostat but not by bromhexine. Therefore, our find-
ing that bromhexine specifically enhanced the fusion of 293T cells in the presence of
SARS2-S, ACE2, and TMPRSS2 is something that we cannot explain easily. According to
our results, the bromhexine-mediated enhancement was specific for SARS2-S and was
not seen with VSV-G as a fusion effector (Fig. 3C), nor did we observe significant effects
with the SARS2-S mutants or SARS1-S (Fig. 3A). We observed some inhibition of SARS1-
S-mediated fusion in the presence of 50 uM ambroxol (Fig. 3A) and also with SARS2-S
with longer incubation times (Fig. 3C), which may hint at some activity of this sub-
stance against TMPRSS2, which would fit with the observation of an atypical autopro-
teolytic fragment of TMPRSS2 in the presence of ambroxol. The observation of the
paradoxical effect of bromhexine in the presence of TMPRSS2 suggests that brom-
hexine somehow modulates proteolytic processing. It is at the moment not clear by
what mechanism of action bromhexine modulates TMPRSS2 activity, if it does so,
and we therefore cannot exclude the possibility that processing of some substrates
is actually enhanced or altered instead of inhibited, as reported for several sub-
strates (15, 42). Recently, another study also reported the lack of an inhibitory activ-
ity of bromhexine against TMPRSS2 (29). The activity of bromhexine against
TMPRSS2-mediated receptor shedding, which may also explain our observations,
was not observed, unlike with camostat, which increased ACE2 expression levels in
the presence of TMPRSS2 (Fig. 3B and 5B). This may explain the slight increase, even
if not always statistically significant, in fusion activity that we observed in some
experiments with SARS2-S in the presence of camostat when ACE2 and TMPRSS2
were coexpressed (Fig. 3A and 5A).
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Compared to another study (43), our fusion assay yielded slightly different results,
with SARS2-S-mediated fusion appearing less dependent on activation by TMPRSS2.
This may be due to differences in the protocol. The study by Yamamoto et al. (43)
allowed only for very short contact times of 4 h and used nonadherent 293T FT cells,
whereas we cocultured the cells for a longer time, which allows for extended contact
between cells and may enable the action of matrix metalloproteases. Our finding that
TMPRSS2 is not required for fusion is in line with several reports making the same ob-
servation (11, 12, 25, 40, 41, 44). In general, we observed a higher fusion activity with
our SARS2-51/52-mut spike mutant than was observed with furin cleavage site mutants
in previous studies (12, 25), but we observed this only when TMPRSS2 was recombi-
nantly overexpressed together with ACE2. When only ACE2 or only TMPRSS2 was
recombinantly expressed, SARS2-51/52-mut fusion activity was strongly impaired (Fig.
2A). It should be noted, that we left the loop intact and replaced only the basic resi-
dues with alanine in our mutant, whereas other groups deleted the loop structure,
which may result in a less flexible conformation. Nevertheless, our mutational
approach for ablating the furin cleavage site clearly rendered the spike protein more
dependent on additional serine protease activity by recombinantly expressed
TMPRSS2. This proteolytic activity was directed toward the S2’ site, as SARS2-51/52-
mut fusion activity was dependent on TMPRSS2 and was significantly inhibited by
camostat (Fig. 3A) in the presence of TMPRSS2.

Taken together, our results actually reconcile several seemingly conflicting observations
by other groups. The strong reduction in fusion activity by mutation of the S1/52 site
observed in one study using Vero cells (12) is reflected in our experimental conditions
with only TMPRSS2 and endogenous levels of ACE2 expression, whereas our findings of
more or less normal fusion activity under conditions of high-level ACE2 and TMPRSS2
expression are similar to the findings of another group with ACE2-overexpressing cells and
the addition of trypsin or human airway trypsin-like protease (HAT) (25).

Overall, we propose that the dependence on S1/52 cleavage, the activity of
TMPRSS2 or a related protease, and receptor expression are to a certain degree inter-
dependent and that one factor can at least partially compensate for another; e.g.,
more extensive proteolytic activation at S2' can render the spike more fusogenic even
with lower receptor levels, which was particularly observed for SARS1-S and to a lesser
degree for SARS2-S (Fig. 2). Similarly, batimastat-sensitive metalloproteases can acti-
vate SARS2-S for cell-cell fusion (Fig. 5A). This is partially dependent on the S1/52 site,
as SARS2-51/52-mut was still impaired in the absence of TMPRSS2 but completely inde-
pendent of the S2’ site, as demonstrated by the full fusion activity of the SARS2-52'-
GH spike mutant on ACE2-expressing 293T cells (Fig. 6A).

According to our results, the requirements for cell-cell fusion and virus-cell fusion
differ: additional TMPRSS2 activity drastically enhanced pseudotype entry into trans-
fected 293T cells (Fig. 7A) but was not needed for cell-cell fusion with identically trans-
fected 293T cells (Fig. 2A and 3A). In addition, the matrix metalloprotease inhibitor
batimastat did not affect particle entry in the presence of the TMPRSS2 inhibitor camo-
stat, indicating that matrix metalloproteases can activate cell-cell fusion but not parti-
cle-cell fusion (Fig. 7C and E), at least not in our experimental system. Similar observa-
tions were previously made for SARS-CoV (33). The interpretation of these results is
complicated by the ability of virus particles to enter cells both through direct mem-
brane fusion or an endocytotic pathway and by different prepriming states of viral
spike proteins, depending on proteolytic activity in the producer cell (45). As activation
of the spike protein is expected to differ between organ systems depending on the
presence of different proteolytic activities, these processes ultimately need to be stud-
ied in appropriate tissue systems or animal models. It is tempting to speculate that, rel-
ative to SARS-CoV, more relaxed requirements for cell-cell fusion with regard to proteo-
lytic activation contribute to the broad organ tropism and neuroinvasion by SARS-CoV-
2, as well as the clinically observed formation of extended syncytia (13). Irrespective of
the role of cell-cell fusion in COVID-19, in light of the observed paradoxical activation
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of cell-cell fusion by bromhexine and its lack of inhibitory activity against the entry of
SARS2-S-pseudotyped lentiviruses on TMPRSS2-expressing cells, we at the moment
caution against clinical use of bromhexine for the treatment or prophylaxis of COVID-
19, at least at high concentrations that aim at the inhibition of TMPRSS2. A recent,
small randomized trial showed promising results for bromhexine at8 mg three times
per day combined with hydroxychloroquine (46), which should result in bromhexine
plasma concentrations in the range of 0.1 M (47). We are fairly confident to postulate
that these favorable results are unlikely due to the inhibition of TMPRSS2, although we
cannot fully exclude the possibility of extremely weak activity. This view is supported
by a recent study that found no effect of bromhexine on TMPRSS2 activity (29). More
likely, favorable patient outcomes are attributable to the beneficial effects of bromhex-
ine or its main metabolite ambroxol on lung function, general defense mechanisms
against airway infections, and inflammatory responses (16-19, 48). Another recent
study by Olaleye et al. (21) specifically analyzed the effects of bromhexine and
ambroxol on the interaction of ACE2 with the SARS-CoV-2 spike receptor binding do-
main (RBD) and reported a very peculiar behavior of these substances, which in part
may explain the paradoxical results of our fusion assays and would support a beneficial
effect of low-dose bromhexine, which is converted to ambroxol in vivo. While ambroxol
weakly inhibited the ACE2-RBD interaction up to a 100 «M concentration, bromhexine
exhibited a biphasic behavior and was weakly inhibitory below 10 uM but increased
ACE2-RBD binding at higher concentrations in that study. Both substances were
reported to weakly inhibit SARS-CoV-2-mediated cytopathic effect (CPE) in culture (22),
and ambroxol was also shown to moderately impact the replication of SARS-CoV-2 in
that report (22), albeit on Vero cells and not lung cells. Our results suggest that
ambroxol can weakly inhibit spike-driven entry of lentiviral pseudotypes into Calu-3
cells at high but potentially attainable concentrations (Fig. 8B), and our experiments
with authentic SARS-CoV-2 on Calu-3 cells (Fig. 8C and D) demonstrated a trend to-
ward inhibition of replication by both ambroxol and bromhexine, with bromhexine
possibly being slightly more potent but also more toxic (Fig. 4C and 8E). Thus, the
specificity of bromhexine-mediated inhibition is questionable. In sum, it seems likely
that ambroxol acts weakly on TMPRSS2, which would explain its modest but significant
effect on the TMPRSS2-mediated activation of SARS1-S-mediated fusion (Fig. 3A). It
should be noted that replication of the authentic virus can be influenced at numerous
points, not necessarily only during entry, and that effects can be amplified over several
replication cycles. Of course, compared to the potency of camostat, the effect of both
substances is marginal. Nevertheless, ambroxol can be administered in high doses of 1
g and more intravenously (19) or orally (49) and reportedly accumulates strongly in
lung tissue (50). Thus, ambroxol, which exhibited a trend toward the inhibition of
SARS2-S-mediated entry and fusion in several assays without enhancing effects, as was
observed with bromhexine at high concentrations, may represent an interesting
option for supportive therapy at higher dosages, in particular as it is a proven thera-
peutic for antenatal respiratory distress syndrome (51) and has shown efficacy in the
treatment of radiation-induced lung injury (48).

MATERIALS AND METHODS

Cell culture. All cell lines in this study were incubated at 37°C and 5% CO,. 293T cells (a kind gift
from Vladan Rankovic and originally purchased from the ATCC, Géttingen, Germany) and Calu-3 cells (a
kind gift from Stefan Ludwig) were cultured in Dulbecco's modified Eagle medium (DMEM), high glu-
cose, GlutaMAX, 25 mM HEPES (Thermo Fisher Scientific) supplemented with 10% fetal calf serum (FCS)
(Thermo Fisher Scientific) and 50 g/ml gentamicin (PAN Biotech). For Calu-3 cells, 1 mM sodium-pyru-
vate (Thermo Fisher Scientific) was added. For seeding and subculturing of cells, the medium was
removed, and the cells were washed with phosphate-buffered saline (PBS; PAN-Biotech) and detached
with trypsin (PAN-Biotech). All transfections were performed using polyethylenimine (PEl; Polysciences)
in a 1:3 ratio (xg DNA/ug PEI) mixed in Opti-MEM. The cell viability assay with Calu-3 cells (Fig. 8E) was
performed as described previously (7); unlike with the other assays in this series of experiments, brom-
hexine and ambroxol were used in the form of commercial cough suppressants (Krewel Meuselbach
bromhexine at 12 mg/ml and Mucosolvan at 30 mg/5 ml; Sanofi-Aventis).
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Plasmids. Expression plasmids for pQCXIPBL-hTMPRSS2 (52), pCG1-SARS-2-S_humanized (7), pCG1-
ACE2 (7), and pCG1-SARS S (53) are described elsewhere. For generation of pVAX1-SARS2-S, the codon-
optimized sequence encoding the spike protein of SARS-CoV-2 was amplified by PCR and cloned into
the pVAX1 backbone. psPAX2 and pMD2.G were a gift from Didier Trono (Addgene plasmid numbers
12260 and 12259), and pLenti CMV GFP Neo (657-2) was a gift from Eric Campeau and Paul Kaufman
(Addgene plasmid number 17447). The expression plasmids SARS2-52'-AA, SARS2-S1/S2-mut, and
SARS2-D614G were generated from humanized pCG1_SL-Cov_Wuhan-S_SARS2-S by PCR-based muta-
tion of the SARS2-S $1/52 and the S2’ cleavage site using around-the-horn PCR mutagenesis with S7
fusion PCR (Biozym) or Phusion PCR, T4 PNK, and Quick ligase (all from New England Biolabs) and using
the following primers: $1-52 AAAA mut for V2 (CTGCCTCTGTGGCCAGCCAGAGCATC), S1-S2 AAAA mut rev
V2 (CAGCGGCGGGGCTGTTTGTCTGTGTCTG), S2 to AA mut_Forward (GCCAGCTTCATCGAGGACCTGCTG), S2
to AA mut_Reverse (AGCGCTGGGCTTGCTAGGATCGG), SARS2S R815 H for (CACAGCTTCATCGAGGACCTGCTG),
SARS2S K814H rev (GTGGCTGGGCTTGCTAGGATCGG), SARS2S R81SE for (GAGAGCTTCATCGAGGACCTGCTG), SARS2S
KB814E rev (CTCGCTGGGCTTGCTAGGATCGG), SARS2S R815E for (GAGAGCTTCATCGAGGACCTGCTG), SARS2S R815S for
(AGCAGCTTCATCGAGGACCTGCTG), SARS2S K814G rev (TCCGCTGGGCTTGCTAGGATCGG), D614G for aroundthehom
(GCGTGAACTGTACCGAAGTGCC), and D614G rev aroundthehom (CCTGGTACAGCACTGCCACCTG). Sequence integrity
was verified by sequending of the coding region. Plasmid pCG1-SARS2-S_S2'mut contains a silent G-to-T mutation in
the codon for leucine 441.

Expression plasmids pVAX1-SARS2-S_S2'-GH, pVAX1-SARS2-51/52-mut, and pVAX1-SARS2-S_D614G
were generated from pVAX1-SARS2-S by PCR-based mutation in a similar manner.

The Gal4-Luc reporter plasmid encoding firefly luciferase under the control of an activator sequence that
binds the Gal4 transcription factor has been described elsewhere (33). The Gal4 DNA binding domain VP16
fusion plasmid corresponds to GenBank identifier X85976. The TurboGFP-luciferase fusion reporter gene was
constructed using Gibson Assembly master mix (New England Biolabs) to insert the TurboGFP open reading
frame with a Ser-Gly-Ser-Gly linker in front of the Met codon of the luciferase open reading frame. Before as-
sembly, the two fragments were generated using Phusion PCR (New England Biolabs) by amplifying the
TurboGFP open reading frame from the vector pGIPZ (Thermo Scientific Open Biosystems), using the primers
TurboGFP for GaldLuc before ATG ov (GGTACTGTTGGTAAAATGGAGAGCGACGAGAGC) and TurboGFP rev
(TTCTTCACCGGCATCTGCATC), and the Gal4-Luc backbone by amplification with primer Gal4Luc
before ATG rev (TTTACCAACAGTACCGGAATGC) and primer Luc for SGSG TurboGFP overhang
(GATGCAGATGCCGGTGAAGAAAGCGGTAGCGGTATGGAAGACGCCAAAAACATAAAG).

The pLenti-CMV-TurboGFP-luciferase fusion reporter gene was constructed using Gibson Assembly mas-
ter mix (New England Biolabs) to exchange the insert in pLenti-CMV-BLAST-EphA7-Strep (described else-
where [54]) with the TurboGFP-luciferase open reading frame without the Strep tag; the two fragments
were generated using CloneAmp HiFi PCR premix (TaKaRa Bio) by amplifying the TurboGFP-Luc
open reading frame from the vector Gal4-TurboGFP-Luc using the primers GA_TurboGFP-Luc_pLentiBlast-
StrepOneOv_For (ACAAAAAAGCAGGCTCCACCATGGAGAGCGACGAGAGC) and GA_TurboGFP-Luc_plenti
Blast-StrepOneOv_Rev (TGTGGATGGCTCCAAGCGCTTTACAATTTGGACTTTCCGCC), and the plenti-CMV-BLAST-
EphA7-Strep backbone by amplification with primer plenti attB1 rev at ATG (CATGGTGGAGCCTGC
TTTTTTGTAC) and OneStrep for (AGCGCTTGGAGCCATCCACQ).

Western blotting. Protein expression was analyzed by polyacrylamide gel electrophoresis on 8% to
16% precast gradient gels (Thermo) and Western blotting using antibodies to ACE2 (AF933; R&D
Systems), the c-Myc epitope (clone 9E10; Santa Cruz Biotechnology), SARS spike (NB100-56578; Novus
Biologicals), HIV-1 Gag p24 (clone 749140; R&D), and GAPDH (glyceraldehyde-3-phosphate dehydrogen-
ase; GenScript) in NETT-G (150 mM Nacl, 5mM EDTA, 50 mM Tris, 0.05% Triton X-100, 0.25% gelatin, pH
7.5) and donkey anti-mouse horseradish peroxidase (HRP)-coupled (Dianova), goat anti-rabbit HRP-
coupled (Life Technologies), or rabbit anti-goat HRP-coupled (Proteintech) secondary antibody in 5%
dry milk powder in PBS with 0.05% Tween 20. Imaging was performed using the Immobilon Forte sub-
strate (Merck) on an INTAS ECL ChemoCam system.

Flow cytometry. 293T cells were transfected with the respective spike expression constructs. On
day 2 posttransfection, the cells were harvested by gentle pipetting in PBS and were fixed in 2% metha-
nol-free formaldehyde in PBS for 15 min. The cells were then washed once in PBS and then incubated in
10% FCS in PBS for 30 min to block nonspecific binding. The cells were then incubated in either conva-
lescent-phase serum at a 1:1,000 dilution or soluble ACE2-Fc fusion protein at 2 ng/ul, both described
elsewhere (55), for 1 h in 10% FCS in PBS, followed by one wash in a large volume of PBS and then incu-
bation with Alexa 647-coupled anti-human secondary antibody (Thermo Fisher Scientific) at 1:200 in
10% FCS in PBS. The RRV gHA21-27-Fc fusion protein, which was used as a control protein, was gener-
ated from RRV 26-95 gH-Fc (56) by deletion of the codons for amino acids 21 to 27, which are important
for receptor binding (27), and was produced analogously to the gH-Fc protein in the study of Hahn and
Desrosiers (56). The cells were then washed once in a large volume of PBS and postfixed in 2% parafor-
maldehyde (PFA) in PBS before analysis on an LSRIl flow cytometer (BD Biosciences). Data were analyzed
using Flowing software (version 2.5) and GraphPad Prism, version 6, for Windows (GraphPad Software).
COVID-19 convalescent-phase serum was collected previously (55) in accordance with ethical require-
ments (ethics committee UK Erlangen, license number AZ. 174_20 B).

Fusion assay. 293T target cells were seeded in a 48-well plate at 50,000 cells/well and transfected
with Vp16-Gal4 (Fig. 3C) or the Gal4-TurboGFP-luciferase expression plasmid (Gal4-TurboGFP-Luc in all
other experiments) as well as expression plasmids for ACE2 and TMPRSS2, as indicated in the figure
legends. In case only ACE2 or TMPRSS2 was transfected, the missing amount of DNA was replaced by an
empty vector. 293T effector cells were seeded in a 10-cm dish at 70 to 80% confluence and transfected
with either the Vp16-Gal4 (all experiments except Fig. 3C) or Gal4-luciferase (Fig. 3C) expression plasmid
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as well as expression plasmids for SARS2-S, SARS2-51/52-mut, SARS2-52'-AA, SARS2-52"-GH, SARS2-52'-
HH, SARS2-S2'-EE, SARS2-52'-ES, SARS1-S, VSV glycoproteins, or pcDNA6/V5-HisA (Thermo). For effector
cell preincubation experiments, the medium of effector cells was changed to bromhexine hydrochloride
(Merck), ambroxol hydrochloride (Merck), camostat mesylate (Tocris), batimastat (Merck), AEBSF (Merck),
EDTA (Merck), EGTA (Merck), 100x animal-free cocktail set V (Calbiochem; Merck), or decanoyl-RVKR-CMK
(Merck) containing medium at a final concentration 6 h after transfection. Twenty-four hours after transfec-
tion, target cells were preincubated with bromhexine hydrochloride (Merck), ambroxol hydrochloride
(Merck), camostat mesylate (Tocris), batimastat (Merck), AEBSF (Merck), EDTA (Merck), EGTA (Merck), or deca-
noyl-RVKR-CMK (Merck) for 30 min at the concentrations indicated in the figure legends. Effector cells were
then added to the target cells in a 1:1 ratio, reaching the final inhibitor concentration. After 24 to 48 h, GFP
fluorescence was detected using a VertA1 fluorescence microscope and ZEN software (Zeiss), and luciferase
activity was analyzed using the PromoKine firefly luciferase kit or Beetle-Juice luciferase assay (PJK Biotech)
according to the manufacturer’s instructions and a BioTek Synergy 2 plate reader. Statistical analysis was per-
formed using GraphPad Prism, version 6, for Windows (GraphPad Software).

Production of iviral and d ticles and d icle infecti xperi Lentiviral
pseudoparticles were produced by transfecting 293T cells with expression plasmids for psPAX2, pLenti-
CMV-GFP, or plLenti-CMV-TurboGFP-luciferase and either SARS2-S variants (pVAX1-SARS2-S_S2'-GH,
pVAX1-SARS2-S1/S2-mut, and pVAX1-SARS2-S_D614G) or VSV-G (pMD2.G; Addgene number 12259).
The cell culture supernatants were harvested 24 to 72 h posttransfection, followed by the addition of
fresh medium, and again after 48 to 72 h. The supernatants were passed through a 0.45-um cellulose ac-
etate (CA) filter, and the SARS2-S pseudoparticles were concentrated via low-speed centrifugation at 4°C
for 16 h at 4,200 x g. For detection of particle incorporation, the virus supernatant was further concen-
trated by centrifugation at 4°C for 2 h at 21,000 x g on 5% OptiPrep (Merck), the supernatant was
removed, and the pellet was resuspended and subjected to Western blot analysis. The SARS-CoV-2 spike
and VSV-G lentiviral pseudoparticles were used to transduce 293T cells transfected with TMPRSS2 and
ACE2 expression plasmids or Calu-3 cells. Forty-eight hours after transfection with control or ACE2 and
TMPRSS2 expression plasmids, the pseudoparticles were added to cells preincubated with the inhibitors
bromhexine hydrochloride (Merck), ambroxol hydrochloride (Merck), camostat mesylate (Tocris), batima-
stat (Merck), AEBSF (Merck), and E64-d (Biomol) for 30 min at twice the concentration indicated in the
figure legends, and the final concentration was reached after the addition of the inoculum. Cells trans-
duced with pLenti-CMV-GFP pseudoparticles were harvested 48 h after transduction using trypsin. Bald
particles from 293T cells that had been transfected with an empty vector instead of glycoprotein expres-
sion plasmids and the lentiviral packaging system were used as background control for normalization.
Trypsin activity was inhibited by adding 5% FCS in PBS, and after being washed with PBS, the cells were
fixed with 4% formaldehyde (Roth) in PBS. The percentages of GFP-positive cells were determined using
a LSRII flow cytometer, and at least 10,000 cells were analyzed. Cells transduced with pLenti-CMV-
TurboGFP-luciferase pseudoparticles were lysed after 48 h with luciferase lysis buffer (Promega) and
detected using the Beetle-Juice luciferase assay according to manufacturer’s instructions and a BioTek
Synergy 2 plate reader. Statistical analysis was performed using GraphPad Prism 6.

SARS-CoV-2 infections. Primary SARS-CoV-2 isolate ER-PR2 was a kind gift from Klaus Uberla,
Erlangen, Germany, and was originally isolated on Vero cells. The virus stock was then grown on Calu-3
cells in DMEM plus 2% FCS plus penicillin/streptomycin. The virus-containing supernatant was harvested
after CPE was clearly visible, and the supernatant was cleared by low-speed centrifugation at 1,200 rpm
for 10min before passage through a 0.2-um syringe filter (Mini-Sart; Sartorius). Virus stocks were ali-
quoted in 200-u! aliquots and stored at —150°C. Infectivity was determined by the method of Reed and
Muench (57) at 10%' 50% tissue culture infectious doses (TCID,s)/ml. Calu-3 cells were seeded 1 day
(first experiment) or 2 days (other two experiments) before infection, and approximately 100,000 Calu-3
cells were infected at an MOI of approximately 0.002 in a 96-well plate in triplicates. The cells were prein-
cubated with the respective inhibitors in 50 ul at twice the concentration for ~1.5 h, and the virus was
then added in 50 I medium. Total RNA from the cells and the culture supernatant was harvested 20 h
(experiment 3) and 24 h (experiments 1 and 2) postinfection.

RNA isolation, cDNA synthesis, and RT-qPCR. RNA was isolated using the Direct-zol RNA Miniprep
Plus kit (Zymo) according to the manufacturer’s instructions. For quantification of viral RNA in infected cul-
tures, the cells and cellular supernatant in a volume of 100 x| were lysed and inactivated by addition of
300 | TRI reagent (Zymo). RT-gPCR of viral genomes was performed using the N1 CDC primer set from IDT
(2019-nCoV_N1-F, GACCCCAAAATCAGCGAAAT, and 2019-nCoV_N1-R, TCTGGTTACTGCCAGTTGAATCTG,
both at 500 nM, and 2019-nCoV_N1-P, FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1 [where FAM is 6-carbox-
yfluorescein and BHQ1 is black hole quencher 1] at 125nM) and the SensiFAST Probe Hi-ROX one-step kit
(Bioline) according to the manufacturer’s instructions in a 20-ul reaction mixture with a 5-ul sample. All RT-
qPCRs were performed in technical duplicates on a StepOne Plus (Thermo) real-time cycler. PCR conditions
were 45°C for 10 min, 95°C for 2min, and then 45 cycles of 95°C for 5 followed by 55°C for 20s. To deter-
mine the PCR efficiency across the whole dynamic range, a 7-step 10-fold dilution series with the H,0-
treated SARS-CoV-2-infected Calu-3 cell sample was performed. These data points with the undiluted sample
set to 1 was approximated by an exponential function using Microsoft Excel 2020. The measured PCR effi-
ciency was additionally fitted by muiltiplication with a constant factor to match our RNA standard (Charité,
Berlin, Germany), which was available only at 50, 500, and 5,000 copies, which confirmed our approach but
was not used for relative quantification. Fit was performed by minimizing the sum of the squared relative
deviations from the standard concentrations with an exactness of two digits.

For quantification of cellular TMPRSS2 and GAPDH expression, cDNA synthesis and qPCR were per-
formed according to the manufacturer's instructions using the SensiFAST cDNA kit and SensiFAST SYBR
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qPCR kit (both from Bioline). The qPCR was run on a StepOnePlus real-time PCR cycler (Thermo) and ana-
lyzed using the StepOne software, which was also used to calculate AAC; values and error estimates for
TMPRSS2 expression. TMPRSS2 mRNA was detected using primer set Hs.PT.58.39408998 (IDT) (forward
primer GTCAAGGACGAAGACCATGT, reverse primer TGCCAAAGCTTACAGACCAG). GAPDH mRNA was
detected using primers GAPDH_Hs-Mm_s (CTTTGGTATCGTGGAAGGACTC) and GAPDH_Hs-Mm_as
(GTAGAGGCAGGGATGATGTTC). Amplifications with a C; above 35 and nonmatching melting curve were
scored as not detected.
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Interferon-Induced Transmembrane Proteins Inhibit Infection
by the Kaposi’'s Sarcoma-Associated Herpesvirus and the
Related Rhesus Monkey Rhadinovirus in a Cell-Specific Manner

Bojan F. Hérnich,® Anna K. GroBkopf,? Candice J. Dcosta,® Sarah Schlagowski, @ Alexander S. Hahn?
=Junior Research Group Herpesviruses, German Primate Center—Leibniz Institute for Primate Research, Géttingen, Germany

ABSTRACT The interferon-induced transmembrane proteins (IFITMs) are broad-spec-
trum antiviral proteins that inhibit the entry of enveloped viruses. We analyzed the
effect of IFITMs on the gamma-2 herpesviruses Kaposi's sarcoma-associated herpesvirus
(KSHV) and the closely related rhesus monkey rhadinovirus (RRV). We used CRISPR/
Cas9-mediated gene knockout to generate A549 cells, human foreskin fibroblasts (HFF),
and human umbilical vein endothelial cells (HUVEC) with combined IFITM1/2/3 knock-
out and identified IFITMs as cell-dependent inhibitors of KSHV and RRV infection in
A549 cells and HFF but not HUVEC. IFITM overexpression revealed IFITM1 as the rele-
vant IFITM that inhibits KSHV and RRV infection. Fluorescent KSHV particles did not pro-
nouncedly colocalize with IFITM-positive compartments. However, we found that KSHV
and RRV glycoprotein-mediated cell-cell fusion is enhanced upon IFITM1/2/3 knockout.
Taken together, we identified IFITM1 as a cell-dependent restriction factor of KSHV and
RRV that acts at the level of membrane fusion. Of note, our results indicate that
recombinant IFITM overexpression may lead to results that are not representative for
the situation at endogenous levels. Strikingly, we observed that the endotheliotropic
KSHV circumvents IFITM-mediated restriction in HUVEC despite high IFITM expression,
while influenza A virus (IAV) glycoprotein-driven entry into HUVEC is potently restricted
by IFITMs even in the absence of interferon. Mechanistically, we found that KSHV coloc-
alizes less with IFITM1 and IFITM2 in HUVEC than in A549 cells immediately after
attachment, potentially contributing to the observed difference in restriction.

IMPORTANCE IFITM proteins are the first line of defense against infection by many
pathogens and may also have therapeutic importance, as they, among other effectors,
mediate the antiviral effect of interferons. Neither their function against herpesviruses
nor their mechanism of action is well understood. We report here that in some cells
but not in, for example, primary umbilical vein endothelial cells, IFITM1 restricts KSHV
and RRV and that, mechanistically, this is likely effected by reducing the fusogenicity of
the cell membrane. Further, we demonstrate potent inhibition of IAV glycoprotein-

driven infection of cells of extrapulmonary origin by high constitutive IFITM expression.
Editor Peter Palese, lcahn School of Medicine

KEYWORDS IFITMs, Kaposi's sarcoma-associated herpesvirus, influenza, interferons, at Mount Sinai
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stage (3, 9, 10). According to some reports, IFITMs modify the overall membrane fuso-
genicity by modification of the membrane lipid composition and/or the membrane ri-
gidity and thus prevent virus-host membrane fusion (11-14), probably causing arrest
of the fusion pore opening following hemifusion (11, 12, 15). Other modes of action,
such as, e.g., recruitment of additional antiviral factors, altered endocytic trafficking,
and interference with vacuolar ATPase, have been postulated as well (reviewed in ref-
erence 16).

The majority of IFITM-restricted viruses are RNA viruses. The interplay of IFITMs with
DNA viruses has been studied less extensively and with more ambiguous results. While
vaccinia virus and herpes simplex virus 1 (HSV-1) are restricted by overexpression of
individual IFITM proteins (17, 18), human papillomavirus 16 (HPV16) and the nonenvel-
oped adenovirus type 5 are not (19). Interestingly, for the human cytomegalovirus
(HCMV), small interfering RNA (siRNA)-mediated IFITM knockdown resulted in reduced
infection and disturbed virus assembly (20). Varying results were obtained for Epstein-
Barr virus (EBV), a gammaherpesvirus. While the initial entry of EBV was enhanced by
overexpression of IFITM1 (21, 22), incorporation of IFITM2/3 into viral particles reduced
the infectivity of progeny virus, whereas IFITM1 incorporation had no effect (23).
Together, the literature on IFITM-mediated effects on the alphaherpesvirus HSV-1, the
betaherpesvirus HCMV, and the gammaherpesvirus EBV indicate differences in the ac-
tivity of IFITM proteins toward different herpesvirus subfamilies.

The Kaposi's sarcoma-associated herpesvirus (KSHV) and the related rhesus monkey
rhadinovirus (RRV) belong to the gammaherpesvirus subfamily (24). KSHV is associated
with Kaposi's sarcoma (KS), multicentric Castleman’s disease, primary effusion lym-
phoma (reviewed in reference 25), osteosarcoma (26), and KSHV inflammatory cytokine
syndrome (KICS) (27). The incidence of KSHV-related disease and KSHV seroprevalence
are low in industrial countries (28, 29), but KSHV represents a significant health burden
in sub-Saharan Africa, where KSHV-related cancers are common (30, 31).

KSHV and RRV exhibit broad cell tropism in vitro (32, 33). Both viruses encode a set of
glycoproteins (g) that mediate entry and are conserved among herpesviruses. Of these,
gH, gL, and gB are the most extensively studied (reviewed in reference 34). KSHV and
RRV enter many cell types through the interaction of the gH/gL complex with members
of the ephrin receptor tyrosine kinase family (Ephs) (35-37) and, in the case of RRV, also
with members of the plexin domain-containing protein family (38). KSHV also interacts
with heparan sulfate and integrins (39-41). Entry of both viruses occurs mainly via endo-
cytotic routes (33, 42-44). Following internalization, the viral membrane fuses with the
host membrane. Several reports implicate the gH/gL complex together with gB as the
minimal set of glycoproteins required for membrane fusion (38, 45, 46).

One study reported an enhancing role of IFITMs in the infection of the BJAB B cell
line and human dermal microvascular endothelial cells (HMVEC-D) cells by KSHV, EBV,
and herpes simplex virus 2 (HSV-2) (21). However, given the considerable differences
between KSHV and RRV entry into B cells and different adherent cells (33, 36, 37), in
particular since KSHV infection of B cell lines is, with a few exceptions, efficient only
through cell-to-cell transfer (47-49), we hypothesized that IFITM-mediated restriction
may be dependent on the nature of the target cell. Another question that we sought
to address is whether IFITMs restrict RRV in human cells.

RESULTS

KSHV induces IFITM expression in A549 cells. We first validated the specificity of
the antibodies used in this study for Western blot analysis after directed expression
(Fig. 1A). Next, we examined expression of IFITM proteins at baseline levels and after
stimuli such as virus infection in the human lung epithelial cell line A549, which has
been well characterized with regard to IFN signaling and IFITM expression (50-53). We
infected the cells with KSHV BAC16 recombinant virus carrying a green fluorescent pro-
tein (GFP) reporter gene and RRV-YFP carrying a yellow fluorescent protein (YFP) re-
porter gene (Fig. 1B). Treatment with H,0 and IFN-« served as negative and positive
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FIG 1 KSHV induces IFITM1, IFITM2, and IFITM3 expression in A549 cells. (A) Western blot of 293T cells transduced with pQCXIP
constructs to express IFITM1 to -3 or pQCXIP (empty vector). IFITMs were detected using the respective IFITM antibody, and
GAPDH served as a loading control. (B and C) Fluorescence microscopy images (scale bar, 200 pm) (B) and Western blot analysis
(C) of A549 cells infected with KSHV-GFP or RRV-YFP or treated with H,0 or IFN-« (5,000 U/ml) for the indicated time and
harvested using SDS sample buffer. IFITM expression was detected with antibodies shown in panel A. MxA served as control for
IFN-stimulated gene induction; GAPDH served as a loading control.

controls for IFITM induction, respectively. IFITM2 and IFITM3 were detected at low lev-
els without IFN treatment, while IFITM1 and human myxovirus resistance protein 1
(MxA), another IFN-induced protein, were not detectable without stimulation (Fig. 1C).
At the 1-h time point, neither treatment induced IFITM or MxA expression relative to
the background. At the 24-h time point, induction over background levels of IFITM1,
IFITM2, IFITM3, and MxA was observed in IFN-a-treated or KSHV-infected cells but not
in RRV-infected cells. At 48 h, IFITM3 was also slightly induced by RRV, and IFITM2
induction relative to H,0 treatment was barely discernible anymore. Basal IFITM
expression also increased slightly over time after plating. In summary, KSHV-containing
inoculum and IFN-« induced IFITM expression.

Triple knockout of IFITM1/2/3 enhances KSHV and RRV infection of A549 cells
and human foreskin fibroblasts (HFF). Overexpression of IFITMs alters their subcellu-
lar localization (6; our observations), IFITMs are usually induced together, and recent
studies report that IFITMs form homo- and hetero-oligomers (54-56) and might thus
act synergistically. We therefore used CRISPR/Cas9 to generate triple IFITM1/2/3 knock-
out cells to study the effects of basal IFITM expression as well as IFN-induced IFITM
expression on KSHV and RRV infection. We identified two single guide RNAs (sgRNAs)
(sgIFITM1/2/3-a, sglFITM1/2/3-b), which target the second exon of all three immune-
related IFITMs (Fig. 2A and B). These sgRNAs were transduced together with Cas9 using
the lentiCRISPRv2 system (57).

We chose the lung epithelial cell line A549 as an epithelial cell model. KSHV is occa-
sionally detected in lung tissue (58), and A549 cells are well characterized with regard
to IFITM-mediated restriction of different viruses (1, 9, 53). HFF were chosen as a

November/December 2021 Volume 12 Issue6 e02113-21

ID: vinay: Time: 22:121 Path: //mumnasprod/home$/Vinay.Bhelekar5/SM-MBIO210767

mbio.asm.org 3

52




Publications/Results

| 25711721 | 22:12 | ArtiD: | DOL:10.1128/mBi0.02113-21 | CE: KGL-mar

Hornich et al. milo"
A sglFITM1/2/3-a/ sglFITM1/2/3-a/ sglFITM1/2/3-a/
sgIFITM1/2/3-b sglFITM1/2/3-b sglFITM1/2/3-b
5.4 kb 4.8 kb
TTCATAGCATTCGCGTACTCCGTGAAGTCTAGGGACAGGAAGATGGTTGGCGACGTGACCGGGGCCCAGGCCTATGCCTCCACCGCCAAGTGCCTGAAC
I F |TM2 220 230 240 250 260 270 280 290 300 310
sgIFITM1/2/3-a
sgIFITH1/2/3-b
IFITH2 Exonl IFITM2 Exon2

TTCATAGCATTCGCCTACTCCGTGAAGTCTAGGGACAGGAAGATGGTTGGCGACGTGACCGGGGCCCAGGCCTATGCCTCCACCGCCAAGTGCCTGAAC

160 170 180 19¢ 200 210 220 230 240 250
IFITM1 sgIFITM1/2/3-a

sgIFITM1/2/3-b
IFITML Exonl IFITM1 Exon 2

TTCATAGCATTCGCCTACTCCGTGAAGTCTAGGGACAGGAAGATGGTTGGCGACGTGACCGGGGCCCAGGCCTATGCCTCCACCGCCAAGTGCCTGAAC
IFITM3 230 240 250 260 270 280 2% 300 30 320

sgIFITM1/2/3-a
sgIFITH1/2/3-b

IFITH3 Exonl IFITM3 Exon2
T Y
non-
sgNT-a i ATCGTTTCCGCTTAACGGCG
targeting
sgNT-b non: TTCGCACGATTGCACCTTGG
targeting
IFITMA-
sgFITM1/2/3-a o0 GATGGTTGGCGACGTGACCG
IFITM1-
sgFTM1/2/30 oo AAGATGGTTGGCGACGTGAC

FIG 2 Localization of the IFITM cluster on chromosome 11 in the human genome and sgRNAs used in this study. (A) Upper panel, schematic drawing (not
to scale) of the localization of IFITM1, IFITM2, and IFITM3 on chromosome 11 in the human genome with target sites of sgRNAs targeting exon2 of IFITM1
to -3 (sgIFITM1/2/3-a, sgIFITM1/2/3-b). Lower panel, alignment of the target sites of sgIFITM1/2/3-a and sgIFITM1/2/3-b. (B) Sequences of sgRNAs used in
this study.

fibroblast model, and human umbilical vein endothelial cells (HUVEC) as a model for
endothelial cells. Knockout or substantial knockdown of IFITM1, IFITM2, and IFITM3
F3 was achieved (Fig. 3A to C, right panels). Lentiviral particles (LP) encoding a GFP reporter
gene pseudotyped with influenza A virus (IAV)-hemagglutinin (HA)/neuraminidase (NA)
(IAV-LP) served as a positive control for IFITM-mediated restriction, while particles pseudo-
typed with IFITM-resistant amphotropic murine leukemia virus (MLV) envelope (MLV-LP)
served as a negative control (1). Infections were performed with or without prior IFN-«
stimulation. IFN-« treatment resulted in a significant reduction of KSHV, RRV, and IAV-LP
infection in A549 cells (Fig. 3A, left panel). Both KSHV and RRV infection were enhanced in
non-IFN-a-treated IFITM1/2/3 knockout A549 cells, indicating that basal IFITM levels or
IFITM expression induced upon contact with the inoculum affect KSHV and RRV infection
of A549 cells. In IFN-a-treated IFITM1/2/3 knockout cells, infection nearly reached levels
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FIG 3 IFITM1/2/3 triple knockout enhances KSHY and RRV infection in A549 cells and HFF. A549 cells (A), HFF (B}, and HUVEC (C)
were transduced with lentiviral vectors encoding Cas9 and the sgRNAs shown in Fig. 2. (A to C, left panels) IFITM knockout
(sgIFITM1/2/3-a, sgIFITM1/2/3-b) or control (sgNT-a, sgNT-b) cells treated with IFN-a (5,000 U/ml) or H,0 (control) and infected
with KSHV-GFP, RRV-YFP, IAV lentiviral pseudotype (IAV-LP), or MLV lentiviral pseudotype (MLV-LP). Infection was measured using
flow cytometry to detect expression of the fluorescent reporter gene. The graph shows individual data points representing
averaged values for GFP*/YFP* cells of either two nontargeting (sgNT-a, sgNT-b) or IFITM1/2/3 knockout (sglFITM1/2/3-a,
sglFITM1/2/3-b) transduced cells and floating bars representing the mean averaged from results of four independent experiments
for A549 cells and HFF (A and B) and three independent experiments for HUVEC (C). Infections for each single experiment were
performed in triplicate for each condition. Data points from the same experiment are labeled with identical symbols. The different
sgRNAs were treated as biological replicates within each experiment. Statistical significance was determined by two-way analysis
of variance (ANOVA), and P wvalues were corrected for all possible multiple comparisons within one family by Tukey's method
(nonsignificant [ns], P > 0.05; *, P = 0.05; **, P = 0.01; ***, P = 0.001; ****, P = 0.0001). (A to C, right panels) Representative
Western blots of IFITM knockout (sgIFITM1/2/3-a or sgIFITM1/2/3-b) or control (sgNT-a or sgNT-b) cells treated with IFN-« (5,000
U/ml) or H,0. Indicated IFITM expression was detected with antibodies shown in Fig. 1A; GAPDH served as a loading control.

of control-treated sgNT-transduced cells. IAV-LP infection was dramatically increased
upon IFITM1/2/3 knockout, while MLV-LP infection was not affected by IFITM1/2/3 knock-
out in A549 cells, in keeping with published results (1).

IFN-a¢ pretreatment reduced KSHV and RRV infection of HFF more potently than
infection of A549 cells (Fig. 3B, left panel). However, IFITM1/2/3 knockout in HFF
enhanced KSHV infection only of IFN-a-treated cells, while RRV infection was slightly
but significantly enhanced in both IFN-« and control-treated IFITM1/2/3 knockout cells.
We observed relatively high basal IFITM2/3 expression in HFF, which was only
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marginally increased by IFN-« (Fig. 3B, right panel). Infection of IFN-a-treated IFITM1/
2/3 knockout HFF by KSHV or RRV did not reach levels of untreated sgNT-transduced
cells, unlike what was observed with A549 cells, suggesting that IFITM-mediated
restriction of KSHV and RRV infection plays a comparatively minor role in the overall
IFN-a-mediated restriction of these two herpesviruses in HFF. The most potent effect
of IFITM1/2/3 knockout was observed with IAV-LP infection, which was increased in
both IFN-a- and control-treated cells. MLV-LP infection of HFF was not significantly
affected by IFITM1/2/3 knockout.

Like HFF, HUVEC expressed IFITM2 and IFITM3 at high basal levels (Fig. 3C, right panel).
IFN-a treatment of HUVEC resulted in a reduction of KSHV infection and an even more
pronounced reduction of RRV infection (Fig. 3C, left panel). However, IFITM1/2/3 knockout
had no significant effect on KSHV or RRV infection. Again, IAV-LP infection was strongly
enhanced by IFITM1/2/3 knockout in both IFN-a- and control-treated HUVEC, while MLV-
LP was not affected.

Overall, these results demonstrate IFITM-mediated restriction of KSHV and RRV
infection of A549 cells and HFF but not HUVEC.

IFITM1 overexpression reduces KSHV and RRV infection in a cell-dependent
manner. We next investigated the effect of individual IFITMs through directed expres-
sion by retroviral transduction (Fig. 4A to D) and included the following additional cell
lines: (i) 293T cells as another cell line of either epithelial or neuroendocrine origin (59)
and (ii) SLK cells, a clear renal carcinoma cell line (60) that is an established model for
KSHV infection and propagation (61).

Overexpression of IFITM1 in A549 reduced KSHV and RRV infection by over 50%,
whereas overexpression of IFITM2 and IFITM3 resulted in only a nonsignificant reduc-
tion (Fig. 4A, left panel), identifying IFITM1 as the IFITM that restricts KSHV and RRV in
A549 cells. In agreement with the results in IFITM1/2/3 knockout experiments and pub-
lished results (1), IAV-LP infection was reduced by all IFITMs, most prominently by
IFITM3, and infection of MLV-LP was not affected. As directed expression of IFITM3 led
to a slight if nonsignificant reduction in KSHV/RRV infection, we tested whether this
effect would change through the introduction of well-characterized mutations into
IFITM3 that change its subcellular localization from predominantly endosomal to a
broader distribution (62, 63). While in this set of experiments in A549 cells (see
Fig. S1A), effects were of similar magnitude as before, the ~30% reduction of KSHV
infection by IFITM3 reached significance. Interestingly, this mild effect on KSHV infec-
tion was reduced by deletion of amino acids 1 to 21 (A1-21) or by Y20A mutation in
the N-terminal domain (62) or by the 43AS mutation (amino acids 43 to 48 changed to
alanines) in the conserved intracellular loop (63). RRV infection, in contrast, was inhib-
ited by IFITM3 bearing the mutations A1-21 or Y20A but not by IFITM3 wild type (wt)
or the 43AS mutant. Taken together, these results clearly implicate IFITM3’s subcellular
sorting motifs as major determinants of activity in particular against RRV.

IFITM1 overexpression also reduced RRV and KSHV infection of HFF (Fig. 4B, left panel),
but the effect did not reach statistical significance, mostly because of a rather high pooled
variance in this set of experiments, which may reflect the primary nature of HFF com-
bined with comparatively high constitutive IFITM expression. In addition, we observed a
nonsignificant but noticeable enhancement of RRV infection in IFITM2/3-overexpressing
HFF. Again, these observations are in agreement with the effects observed in IFITM1/2/3
knockout HFF. While IAV-LP infection was reduced in HFF, MLV-LP infection was
enhanced by overexpression of all IFITMs, significantly for IFITM2 and IFITM3.

A trend similar to that observed in A549 cells was also observed in 293T cells
(Fig. 4C, left panel): IFITM1 overexpression reduced KSHV and RRV infection, although
not significantly for RRV. MLV-LP infection was slightly increased by overexpression of
IFITM3 in 293T cells.

In HUVEC, IFITM1 and IFITM3 overexpression also slightly decreased KSHV and RRV
infection (Fig. S1B). Surprisingly, we also observed inhibition of MLV-LP by IFITM1 and
-2 in this setting. Further, we noticed that HUVEC transduced to overexpress IFITMs
exhibited a highly abnormal morphology (Fig. S1C).
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FIG 4 Overexpression of IFITM1 inhibits KSHV and RRV infection in a cell-specific manner. A549 cells (A),
HFF (B), 293Tcells (C), and SLK cells (D) were transduced with pQCXIP constructs to express IFITM1-3 or
PQCXIP (empty vector). (A to D, left panels) IFITM-overexpressing cells were infected with KSHV-GFP, RRV-
YFP, IAV lentiviral pseudotype (IAV-LP), or MLV lentiviral pseudotype (MLV-LP). Infection was measured using
flow cytometry to detect expression of the fluorescent reporter genes. The data show values normalized to
PQCXIP empty vector, which was set to 100%, and the error bars represent the standard error of the mean
of results of four independent experiments, each performed in triplicate. Statistical significance was
determined by ordinary two-way ANOVA, and P values were corrected for multiple comparisons by
Dunnett's method (ns, P > 0.05; *, P = 005; **, P = 001; ***, P = 0.001; ****, P =< 0.0001). (A to C, right
panels) Representative Western blots of IFITM-overexpressing cells. Expression of myc-tagged IFITMs was
determined using anti-myc antibody; GAPDH served as a loading control.

A different observation was made in SLK cells (Fig. 4D, left panel), where neither
IFITM1 nor IFITM3 overexpression resulted in reduced KSHV or RRV infection. Again,
IFITM2 overexpression in SLK cells slightly enhanced KSHV infection and significantly
enhanced RRV infection. An enhancement of infection by all IFITMs was observed with
MLYV, significantly for IFITM3.
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FIG 5 Kinetics of colocalization of KSHV and IFITMs differ between HUVEC and A549 cells. (A) Confocal
microscopy images of A549 cells (left panel) and HUVEC (right panel) treated with IFN-« (5,000 U/ml) for 16
h and stained with IFITM1, IFITM2, or IFITM3 antibody (all green). Costaining was performed with antibodies
to EEA1, LAMP1, or phalloidin conjugate (all magenta) and Hoechst stain (blue). Scale bars, 10 um. (B) A549
cells (left panel) and HUVEC (right panel) were treated with IFN-a (5,000 U/ml) for 16 h and infected with
KSHV_mNeon-orf65. Colocalization of IFITM and mNeon signals was quantified. Data are shown as individual
biological replicates together with the mean, and error bars represent the standard deviation. Per biological

replicate and time point, at least three images were analyzed.

Taken together, our IFITM overexpression experiments corroborated the results
observed in our IFITM1/2/3 knockout experiments and a cell-specific activity of individ-
ual IFITMs toward KSHV and RRV. Even if recombinant overexpression in HUVEC had
some effect, this does not reflect the situation at endogenous expression levels.
Restriction of the typically nonrestricted MLV-LP and drastically aberrant morphology
with a “foamy” appearance (Fig. S1C) suggest that recombinantly overexpressed IFITMs
in HUVEC, which naturally already express IFITM2 and IFITM3 at high levels, may lead
to visibly distorted cellular membranes and vesicles and nonspecific effects on infec-
tion. Furthermore, IFITM1 was identified as the major contributor to IFITM-mediated
restriction of KSHV and RRV.

KSHV entry pathways and colocalization with IFITMs differ between A459 cells
and HUVEC. IFITM localization was reported to play a critical role in their antiviral
effect (64, 65). For the highly restricted IAV, IFITM3-mediated restriction might be par-
tially explained by the observation that IAV specifically colocalizes with IFITM3-positive
vesicles (15, 53). As expected, we observed different subcellular localizations of IFITM1,
IFITM2, and IFITM3 in both IFN-a-treated A549 cells and HUVEC (Fig. 5A; Fig. S2).
IFITM2 and IFITM3 partially colocalized with the early endosome marker EEA1 and with
the endolysosomal marker LAMP1, while IFITM1 localized to the plasma membrane
and was distributed more toward the perimeter of the cell. IFITM1 was also found
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colocalized with EEA1 and LAMP1, particularly in HUVEC, but did generally show a less
pronounced vesicular localization than IFITM2/IFITM3. As we observed IFITM1-medi-
ated inhibition of KSHV and RRV infection in A549 cells, we examined how these
viruses enter A549 by probing different entry pathways with inhibitors (Fig. S3). IFITM1
was reported to restrict viruses that directly fuse at the plasma membrane (18). KSHV
and RRV infection of A549 cells was sensitive to bafilomycin A1 (Fig. S3A), indicating
dependence on vesicular acidification, and were sensitive to methyl-3-cyclodextrin
(MBCD) (Fig. S3B), commonly believed to indicate a role for cholesterol-rich membrane
domains (66, 67). 5-(N-Ethyl-N-isopropyl)amiloride (EIPA; an inhibitor of macropinocy-
tosis [68]) had at best a marginal effect on KSHV and RRV on A549 cells, suggesting
that neither KSHV nor RRV enter A549 cells predominantly via macropinocytosis. KSHV
infection of HUVEC on the other hand was sensitive to EIPA (Fig. S3C), in agreement
with published data (42) and suggesting macropinocytotic entry, whereas RRV infec-
tion of HUVEC was not EIPA sensitive. It should be noted that EIPA and MBCD at the
first significantly effective concentrations caused minor yet significant changes in cellu-
lar ATP content (up to —20%) in our cell viability assay (Fig. S3D).

We next analyzed colocalization of KSHV particles with IFITMs in A549 cells and
HUVEC. We utilized a KSHV_mNeon-orf65, which is tagged with mNeonGreen at the
capsid protein orf65, to visualize virions in IFN-a-treated cells at different time points
(Fig. 5B; Fig. S4). KSHV_mNeon-orf65 particles were detectable at the perimeter at the
0-min time point and were detected inside the cells from the 30-min time point on.
Some particles reached the nucleus at the 120-min time point. As IFITMs are widely dis-
tributed throughout the cell, partial overlap with KSHV_mNeon-orf65 particles was
observed for all IFITMs, most prominently at later time points. While colocalization
with all IFITMs followed roughly the same pattern over time in HUVEC, A549 cells
exhibited differences between IFITM1 and IFITM2/3. In A549 cells, KSHV capsids were
found to colocalize to the same degree with IFTIM1 at all time points, while HUVEC
showed a considerably lower extent of mNEON-IFITM1 overlap at the 0-min time point.
While some particles localized to areas of high intensity in the IFITM staining,
KSHV_mNeon-orf65 particles were also frequently found in regions with overall lower
IFITM signal. These areas were often adjacent to IFITM-positive areas, which might be
compatible with the luminal spaces of large vesicles.

KSHV and RRV glycoprotein-mediated cell-cell fusion is reduced by IFITMs.
IFITMs were reported to modulate overall membrane fusogenicity and thereby entry of
viral particles (11, 12, 69). We therefore utilized a cell-cell fusion assay to determine
whether KSHV and RRV glycoprotein-mediated fusion activity is modulated by IFITMs.
293T effector cells were transfected with KSHV gH/gL or RRV gH/gL together with RRV
gB and a plasmid encoding a VP16-Gal4 transactivator fusion protein. RRV gB was used
because KSHV gB does not allow for efficient cell-cell fusion (46). Because of the low
fusion activity of RRV gH/gL+gB, cell-cell fusion was analyzed after 48 h to reach ro-
bust levels of fusion activity (Fig. S5). Transfected effector cells were added to IFN-
a-treated A549 IFITM1/2/3 knockout cells transduced with a lentiviral Gal4-driven
TurboGFP-luciferase reporter construct or 293T cells transfected to express IFITM1,
IFITM2, or IFITM3 and a Gal4-driven TurboGFP-luciferase reporter construct. Luciferase
activity was measured as a readout for fusion.

Treatment with IFITM-targeting sgRNAs resulted in an increase of KSHV and RRV
gH/gL/gB-mediated cell-cell fusion compared to nontargeting controls (Fig. 6A). Viral
glycoprotein expression and IFITM1/2/3 knockout in target cells was confirmed by
Western blotting (Fig. 6B). Under conditions of recombinant overexpression, all three
IFITMs were capable of reducing KSHV and RRV gH/gL/gB-mediated cell-cell fusion,
with IFITM1 being the most effective (Fig. 6C). To exclude the possibility that the inhibi-
tion of KSHV and RRV glycoprotein-mediated cell-cell fusion occurs in response to
changes in cell surface protein composition upon IFITM1/2/3 knockout, we measured
cell surface expression of a set of selected cell surface receptors. Cell surface expression
of the KSHV receptors EphA2 and integrin aV as well as transferrin receptor (TrfR)
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FIG 6 IFITMs inhibit KSHV and RRV glycoprotein-mediated cell-cell fusion. (A) Cell-cell fusion assay. Effector cells (293T cells
transfected with either empty vector [eV] or expression plasmids for the indicated viral glycoproteins together with Vp16-Gal4
expression plasmid) were added to target cells (A549 cells transduced with a Gal4-driven TurboGFP-luciferase construct and the
respective CRISPR/Cas9 sgRNA construct), which had been preincubated for 16 h with IFN-a (5,000 U/ml). After 48 h, luciferase
activity was measured. Values were normalized to the mean of the two nontargeting controls, sgNT-a and sgNT-b (sgNT-a/b),
which was set to 100%, for each experiment. Error bars represent standard errors of the mean of the results of four independent
experiments, each performed in triplicate. Statistical significance was determined by two-way ANOVA; P values were corrected for
multiple comparisons by Dunnett's method (ns, P > 0.05; *, P = 0.05; **, P = 0.01; ***, P = 0.001; ****, P = 0.0001). (B) The
expression of proteins in 293T effector and A549 target cells after cocultivation was analyzed by Western blotting from lysates
harvested for determination of luciferase activity shown in panel A using the indicated antibodies. GAPDH served as a loading
control. (C) Cell-cell fusion assay. Effector cells (293T cells transfected with expression plasmids for the indicated viral glycoproteins
together with Vp16-Gal4 expression plasmid) were added to target cells (293T cells transfected with a Gal4-driven TurboGFP-luciferase
construct and the respective pQCXIP-IFITM construct). After 48 h, luciferase activity was measured. Values were averaged from three
independent experiments, each performed in triplicate. The data were normalized to empty vector control pQCXIP, which was set to
100%, and error bars represent the standard deviation. Statistical significance was determined by two-way ANOVA; P values were
corrected for multiple comparisons by Dunnett’s method (ns, P > 0.05; *, P = 0.05; **, P = 0.01; ***, P = 0.001; ****, P = 0.0001). (D)
A549 cells were transduced with a lentiviral vector encoding Cas9 and sgRNAs shown in Fig. 2. IFITM knockout (sgIFITM1/2/3-a,
sglIFITM1/2/3-b) or control (sgNT-a and sgNT-b) cells treated with IFN-a (5,000 U/ml) or H,O (control) were stained for cell

AQ: K surface expression of the indicated proteins. The graph shows fold values for the mean fluorescence intensity over that of the
isotype control averaged from two nontargeting (sgNT-a, sgNT-b) or IFITM1/2/3 knockout (sgIFITM1/2/3-a, sgIFITM1/2/3-b)
transduced cells from one representative experiment performed in triplicate. Error bars represent the standard deviation.
Statistical significance was determined by two-way ANOVA; P values were corrected for multiple comparisons by Tukey's
method (ns, P > 0.05; *, P = 0.05; **, P = 0.01; ***, P = 0.001; ****, P = 0.0001).

remained unchanged upon IFITM1/2/3 knockout (Fig. 6D). This suggests that IFITMs
reduce cell-cell fusion through a mechanism distinct from receptor regulation.

DISCUSSION
Differences in the activity of IFITMs against several members of the herpesvirus fam-
ily have already been reported (18-21, 23). Here, we report that human IFITM1 inhibits
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the entry of KSHV and of the closely related rhesus macaque virus RRV in a cell-specific
manner. We identified inhibition of membrane fusion as a potential mechanism
through which IFITMs can modulate KSHV and RRV infection.

Combined knockout of all three IFITMs enabled us to study IFITM-mediated restric-
tion through loss of function at expression levels that are induced through IFN signal-
ing and free from potential artifacts through overexpression-induced mislocalization.
Our approach revealed that KSHV and RRV infections are enhanced upon IFITM1/2/3
knockout in A549 cells and HFF but not in HUVEC. Similarly, overexpression of individ-
ual IFITMs did not result in measurable inhibition, e.g., in SLK cells, even though they
were highly effective against IAV-LP. This finding may be explained by differences in
entry routes that KSHV and RRV utilize to enter these different cells. KSHV was shown
to enter HFF (70) and RRV rhesus fibroblasts (33, 44) via clathrin-mediated endocytosis,
whereas KSHV enters HUVEC via macropinocytosis (see Fig. S3 in the supplemental ma-
terial) (42). In contrast, KSHV infects A549 cells via a pH-dependent but largely macro-
pinocytosis-independent pathway, as indicated by sensitivity to bafilomycin A but not
to EIPA (Fig. S3). While most viruses that are restricted by IFITMs enter cells via clathrin-
or caveolin-mediated endocytosis, only Ebola and Marburg viruses are restricted and
enter their target cells predominantly via macropinocytosis (reviewed in reference 71).
However, Ebola and Marburg virus glycoproteins are activated by endosomal cathepsins,
which are found mainly in endolysosomal vesicles that also contain IFITMs (reviewed in
references 72 and 73). In contrast, KSHV might already fuse in acidified IFITM-negative
macropinocytotic compartments and thereby avoid IFITM restriction in HUVEC, in line
with the observation that even overexpression of IFITMs in HUVEC has only a minor effect
on KSHV infection (Fig. S1B) and knockout has no effect at all (Fig. 3C). A question that
remains unanswered is why RRV is not affected by IFITMs in HUVEC at endogenous
expression levels. RRV clearly does not enter these cells through the same EIPA-sensitive
pathway that KSHV uses but also does not underlie the same restriction that IAV-LP does
(Fig. 3 and 4; Fig. S3). Although IFITM1/2/3 knockout enhanced KSHV and RRV infection in
A549 cells and HFF, the overall contribution to the IFN-mediated block to infection was
different. In HFF, the enhancement was mainly observable in IFN-a-treated cells, while in
A549 cells, the enhancement was also observable in non-IFN-treated cells. In A549, the
IFITM1/2/3 knockout-mediated enhancement practically cancelled out the IFN-a-medi-
ated inhibition of KSHV and RRV infection, similar to what was observed for the highly re-
stricted IAV-LP. Despite minor differences, IFITM1/2/3 knockout similarly impacted KSHV
and RRV infection, compatible with a broadly acting mechanism like decreasing mem-
brane fusogenicity. Vice versa, it was also shown that primate IFITMs are effective against
human viruses (74, 75), in line with the high degree of conservation of IFITMs in primate
species (76, 77).

Overexpression of individual IFITMs in different cells revealed IFITM1 as the major
contributor to IFITM-mediated restriction of KSHV and RRV. Similar to our observations,
an antiviral effect of IFITM1 in A549 cells was also identified for the alphaherpesvirus
HSV-1 in IFITM1 overexpression and siRNA-mediated knockdown experiments (18),
which suggests broad activity of IFITM1 against herpesviruses. Of note, an effect of
IFITM1 on KSHYV infection has already been described by Hussein and Akula; however,
in contrast to our study, their study reported that infection by KSHV, EBV, and HSV-2
was enhanced upon overexpression of IFITM1 in the BJAB B-cell line and in HMVEC-D
cells (21). While we did not observe this phenomenon in the cells analyzed in this
study, our observations of cell-specific antiviral activity do not rule out the possibility
that in some cells infection might actually be enhanced by IFITM1 expression. In line
with this notion, overexpression of IFITM2 resulted in a mild enhancement of RRV
infection in SLK cells and HFF (Fig. 4). We observed a small reduction of KSHV infection
of A549 cells as well by IFITM3 overexpression, which reached significance in one set
of experiments (Fig. S1A). This effect was reduced when the Yxx® endocytic sorting
motif (A1-21, Y20A) or the 43AS motif of IFITM3 was mutated (Fig. S1A). In contrast,
RRV infection was significantly inhibited by overexpression of IFITM3 Y20A mutants

November/December 2021 Volume 12 Issue 6 €02113-21 mbio.asm.org 11

ID: vinayak.bhelekarTime: g:IZI Path: /mumnasprod/home$/Vinay.Bhelekar$/SM-MBIO210767

60




Publications/Results

25/11/21 | 22:12 | ArtiD: | DOI:10.1128/mBi0.02113-21 | CE: KGL-mar

Hornich et al. milo"

and IFITM3 Y20A and A1-21 mutants but not wt IFITM3, in this case clearly implicating
these sorting signals and by extension localization of IFITMs in their mode of action.
Given the higher susceptibility of KSHV than of RRV to bafilomycin A1 (Fig. S3), we
speculate that a portion of RRV particles fuses at more peripheral sites, where infection
is partially restricted by IFITM1 and IFITM3 Y20A and A1-21 mutants. IFITM-mediated
inhibition of KSHV or RRV infection was less pronounced than inhibition of IAV glyco-
protein-driven entry. Several groups reported that IAV colocalized strongly with IFITM3
(15, 53, 78). We were unable to observe a pronounced colocalization of IFITMs with
KSHV particles in the sense that many KSHV particles accumulate at regions of high
IFITM intensity. However, we observed a clear difference in the colocalization of KSHV
viral particles and IFITM1 in A549 cells and HUVEC at the 0-min time point, although
the overall IFITM localization was similar in these cells (Fig. 5; Fig. S2). This observation
fits well with the observation of different entry routes that KSHV utilizes to enter A549
cells and HUVEC and might explain the difference in susceptibility of KSHV toward
IFITM1 between these two different cells. Interestingly, KSHV_mNeon-orf65 particles
that entered the cell were frequently observed in regions with low IFITM signal
(Fig. S4). While these findings argue against concentration of IFITMs at viral particles,
they would be compatible with indirect mechanisms of action such as rerouting of
endocytotic pathways or reduction of membrane fusogenicity.

Mechanistically, we found that IFITMs modulate KSHV and RRV glycoprotein-induced
membrane fusion at IFN-a-induced levels. Overexpression of IFITM1, IFITM2, and IFITM3
revealed that all three IFITMs can in principle reduce the KSHV and RRV glycoprotein-
induced cell-cell fusion to a different degree. It should be noted that overexpression of
IFITMs leads to abnormal localization, thereby potentially broadening activity. This sup-
ports the theory that all IFITMs are, in principle, capable of restricting fusion (6, 16, 79),
which might be counteracted by avoidance of IFITM-positive compartments. In line with
our experiments, IFITM overexpression was reported to reduce the fusion activity of other
viral fusion proteins, including the IAV-HA (12, 13, 15) and severe acute respiratory syn-
drome coronavirus 2 spike (80) proteins as well as the glycoprotein of the otherwise non-
restricted Lassa virus (15). Although cell-cell fusion does not universally mirror virus-cell
fusion (81), our findings support a model of IFITM1 rendering the membrane less fuso-
genic. A general impact of IFITMs on membrane properties is also supported by a report
that IFITMs inhibit trophoblast fusion (69). While our approach of a triple knockout was
also intended to identify potential synergism between the three IFITMs, it did not do so.
In HFF, IFITM1 might even counteract the mild enhancing effect that IFITM2 had on RRV
infection (Fig. 4 B). Overexpression of IFITM1 was sufficient to effect inhibition with a simi-
lar magnitude as the enhancement that was observed after knockout. In light of our
results and a recent report that IFITM3 blocks the IAV fusion process by increasing mem-
brane stiffness (13), one might speculate that the three IFITMs exert their inhibitory activ-
ity through a similar mechanism at different locations.

Comparison of our experimental results in overexpression systems with those at
interferon-induced expression levels and knockout of the three IFITMs allow a number
of conclusions: (i) a significant discrepancy exists between results using gene knockout
versus retroviral vector-driven overexpression in HUVEC; (ii) overexpression of IFITMs
results in clearly aberrant morphology of HUVEC; and (iii) overexpression results in inhi-
bition of MLV-LP, which is typically not restricted (2). These findings together with pre-
vious reports of mislocalization upon overexpression (6) and our finding that recombi-
nant expression of the endosomal IFITM2 and IFITM3 results in inhibition of cell-cell
fusion, which is strongly counterintuitive, suggest that results relying on overexpres-
sion of single IFITMs should be interpreted with caution. A recent study reported simi-
lar findings for SARS-CoV-2 (82). Gene knockout or knockdown may be essential to
draw conclusions on function at naturally occurring expression levels.

Entry driven by the HA and NA glycoproteins of IAV, a respiratory pathogen, was far
more potently restricted by IFITMs in fibroblasts and endothelial cells, particularly at con-
stitutive expression levels, than in A549 lung epithelial cells. KSHV and likely RRV (83) are
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AQ:L TABLE 1 Cell lines

Cell line or type® Origin

293T cells Kind gift from Vladan Rankovic, Géttingen, Germany, and originally purchased from the ATCC

A549 cells Laboratory of Stefan P6hlmann, German Primate Center-Leibniz Institute for Primate Research, Géttingen, Germany
SLK cells RRID:CVCL_9569; NIH AIDS Research and Reference Reagent program

HFF Laboratory of Klaus Korn, Universitatsklinikum Erlangen, Institute for Clinical and Molecular Virology, Erlangen, Germany
RF Laboratory of Ridiger Behr, German Primate Center-Leibniz Institute for Primate Research, Géttingen, Germany

HUVEC PromoCell

iSLK cells Kind gift from Don Ganem (61)

9HFF, human foreskin fibroblasts; RF, rhesus monkey fibroblasts; HUVEC, human vascular endothelial cells.

endotheliotropic viruses and were restricted in lung epithelial cells but not endothelial
cells. This suggests that IFITMs, which are constitutively expressed at high levels in HUVEC
and fibroblasts, constitute a major line of defense against disseminated infection of
extrapulmonary tissues by the respiratory pathogen IAV and that KSHV and RRV may
have evolved to avoid IFITM-mediated restriction in their biological niche.

MATERIALS AND METHODS
T Cell culture. All cell lines in this study (Table 1) were incubated at 37°C and 5% CO, and cultured in
Dulbecco's modified Eagle medium, high glucose, GlutaMAX, 25 mM HEPES (Thermo Fisher Scientific)
supplemented with 10% fetal calf serum (FCS; Thermo Fisher Scientific) and 50 pg/ml gentamicin (PAN-
Biotech) (D10) except for HUVEC, which were maintained in standard endothelial cell growth medium 2
AQ:E  (PromoCell), and iSLK cells, which were maintained in D10 supplemented with 2.5 pg/ml puromycin
AQ: F  (InvivoGen) and 250 ng/ml G418 (Carl Roth). IFN-a treatment was performed by supplementing the re-
spective culture medium with IFN-a 2b (Sigma; 5,000 U/ml). For seeding and subculturing of cells, the
medium was removed, and the cells were washed with phosphate-buffered saline (PBS; PAN-Biotech)
and detached with trypsin (PAN-Biotech). All transfections were performed using polyethylenimine (PEI;
Polysciences) at a 1:3 ratio (mg DNA/mg PEI) mixed in Opti-MEM (Thermo Fisher Scientific). Cytotoxicity
was measure using the CellTiter-Glo luminescent cell viability assay (Promega) according to the manu-

facturer’s instructions.

Retroviral vectors and pseudotyped lentiviral particles. Retroviruses, lentiviruses, and lentiviral
T2 pseudotypes were produced by PEl-mediated transfection of 293T cells (plasmids are listed in Table 2).
For retrovirus production, plasmids encoding gag/pol, pMD2.G encoding VSV-G, and the respective
PQCXIP contructs were transfected (ratio, 1.6:1:1.6). For production of lentiviruses used for transduction,
psPAX2 encoding gag/pol, pMD2.G encoding VSV-G, and the respective lentiviral construct, Gal4-driven
TurboGFP-luciferase reporter lentivirus (AX526) or plentiCRISPRv2, were used (ratio, 2.57:1:3.57). For len-
tiviral pseudotypes psPAX2, pLenti CMV GFP Neo and expression plasmids for pCAGGS IAV_WSN-HA
and pCAGGS IAV_WSN-NA for IAV-LP or paMLV_env for MLV-LP were used (ratio, 1:1.4:2.4). Viruses were
harvested twice, 24 to 48 h and 72 to 96 h after transfection, passed through a 0.45-um CA filter, and
frozen at —80°C. Transduction was performed by adding retroviruses and lentiviruses to cells for 48 h.

TABLE 2 Plasmids
Plasmid Source Reference/identifier
psPAX2 Addgene (kind gift from Didier Trono) Addgene no. 12260
VSV-G (pMD2.G) Addgene (kind gift from Didier Trono) Addgene no. 12259
plentiCRISPRv2 Addgene (kind gift from Feng Zhang) Addgene no. 52961 (57)
gag/pol Addgene (kind gift from Tannishtha Reya) Addgene no. 14887
pLenti CMV GFP Neo Addgene (kind gift from Eric Campeau and Paul Kaufman) Addgene no. 17447
AX526 (Gal4-driven TurboGFP-luciferase reporter lentivirus) Laboratory of Alexander Hahn 38
Gal4-TurboGFP-Luc (Gal4-driven TurboGFP-luciferase Laboratory of Alexander Hahn 81

reporter plasmid)
Vp16-Gal4 Laboratory of Alexander Hahn 81
pCAGGS IAV_WSN-HA Laboratory of Michael Farzan 3
pCAGGS IAV_WSN-NA Laboratory of Stefan P6hlmann 3
paMLV_env Laboratory of Michael Farzan 3
pQXciP Laboratory of Stefan P6hlmann 3
PQCXIP-IFITM1 Laboratory of Stefan P6hlmann 3
PQCXIP-IFITM2 Laboratory of Stefan P6hlmann 3
pQCXIP-IFITM3 Laboratory of Stefan P6hlmann 3
pPQCXIP-IFITM3-A1-21 Laboratory of Stefan P6hlmann
PQCXIP-IFITM3-Y20A Laboratory of Stefan P6hlmann
pQCXIP-IFITM3-43AS Laboratory of Stefan P6himann
pEPkan-S Addgene (kind gift from Nikolaus Osterrieder) Addgene no.41017
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TABLE 3 Oligonucleotides

Oligonucleotide

S e

BAC16_downstream_of_GFP_STOP_overhang_plus_Zeo_3’

BAC16_upstream_of_GFP_ATG_antisense_strand_overhang_

plus_EM7_P_start
mNeonGreen_463-482_for
mNeonGreen_504-523_rev
EPKansS_reverse_mNeon_463-482_ov
EPKans_forward_mNeon_504-523_ov
mNeon-GS-KSHVorf65_for

mNeon-GS-KSHVorf65_rev

GGCGGAATTCCTCTAGTGCGGCCGAGTCGCGGCCGCTTTATCAGTCCTGCTCCTCGGCC
GTAAGCTTGGTACCGAGCTCGGATCCACTAGTCCGCCACCTGTTGACAATTAATCATCGG)

TACCCCAACGACAAAACCAT

TGCCATTTCCAGTGGTGTAA

ATGGTTTTGTCGTTGGGGTACAACCAATTAACCAATTCTGATTAG

TTACACCACTGGAAATGGCAGGATGACGACGATAAGTAGGGATAAC

TGTTGCGGGAAGTGTTCCTCCTGAGGCTATTTCGCCCGCCTGTGTGGAAGATGGTGAG
CAAGGGC

TGATCCAGTCGCTCCTGGATCACGGGGTCTCTCACCTTAAAGTTGGACATGCTTCCCTT
GTACAGCTCGTCC

Afterwards, selection was performed using 10 g/ml puromycin (InvivoGen; pQCXIP and plentiCRISPRv2

constructs) or 10 zg/ml blasticidin (InvivoGen; AX526 lentivirus).

Production of KSHV, KSHV_mNeon-orf65, and RRV. For the construction of KSHV_mNeon-orf65,
the GFP open reading frame of BAC16 was replaced with a Zeocin resistance gene by amplifying the
resistance gene from pcDNAG6 (Invitrogen) using Phusion PCR (NEB) and primers BAC16_downstream
_of_GFP_STOP_overhang_plus_Zeo_3' and BAC16_upstream_of_GFP_ATG_antisense_strand_overhang
_plus_EM7_P_start and inserting it into BAC16 via recombination. A shuttle construct, Ax185_
pCNSmNeonGreen_Kana, was created by inserting the i-Scel/Kanamycin cassette of pEPkan-S (84)
into pNCSmNeonGreen using primers mNeonGreen_463-482_for plus mNeonGreen_504-523_rev for
the vector and EPKansS_reverse_mNeon_463-482_ov plus EPKans_forward_mNeon_504-523_ov for
the insert, followed by Gibson assembly. KSHV_mNeon-orf65 was generated by inserting the mNeonGreen
cassette 5’ of the first amino acid of orf65 with the addition of a glycine-serine linker according to the pro-
tocol described by Tischer et al. (84). The recombination cassette was generated using primers mNeon-GS-
KSHVorf65_for plus mNeon-GS-KSHVorf65_rev and Ax185_ pCNSmNeonGreen_Kana as a template.

Infectious KSHV and RRV reporter viruses were produced as described previously (36). See Table 3

for oligonucleotide sequences.

Western blotting. Western blotting was performed as described previously (36) using the respective

antibodies (Table 4).

CRISPR/Cas9-mediated k k of i lated IFITMs. IFITM1, IFITM2, and IFITM3 knockout
cell pools were generated by CRISPR/Cas9-mediated knockout by following the protocol described by
Sanjana et al. (57), except that PEl transfection was used. In short, the cells intended for knockout were
transduced with lentiviruses harboring the CRISPR/Cas9 gene and sgRNAs targeting IFITM1-3 (sgIFITM1/
2/3-a, sgIFITM1/2/3-b) or nontargeting sgRNAs (sgNT-a, sgNT-b). For detection of CRISPR/Cas9-mediated
knockout, the cells were treated with IFN-a (5,000 U/ml) for 16 h. Thereafter, the cells were harvested

and subjected to Western blot analysis.

Infection experiments. IFITM-overexpressing cells were seeded in 48-well or 96-well plates at 90%
confluence 16 h prior to infection. IFITM1/2/3 knockout cells were seeded in 48-well plates at 70% to
809% confluence. After attachment, cells were treated with IFN-a (5,000 U/ml) or H,O (control) for 16 h
prior to infection with either KSHV, RRV, IAV-LP, or MLV-LP. For endocytosis inhibitor treatment, the cells
were seeded into 96-well plates at 90% confluence and were incubated for 30 min at twice the indicated
concentration before virus was added. For EIPA treatment, the medium was changed after 12 h due to
toxicity. At 48 h postinfection, cells were trypsinized, trypsin activity was inhibited by adding 5% FCS in
PBS, and the cells were washed and fixed with a final concentration of 4% methanol-free formaldehyde
(Roth) in PBS. Infection was determined by detection of GFP*/YFP* cells using an LSRIl flow cytometer

or ID7000 (Sony); at least 5,000 cells were analyzed.

Cell-cell fusion assay. 293T effector cells were seeded in 6-well plates or 10-cm dishes at 70% to
80% confluence and transfected with either empty vector, gH/glLyc,y 9Bgay, OF gH/gLag,gBggy and Vp16-
Gal4. 293T cells transfected with Gal4-TurboGFP-Luc and pQCXIP-IFITM1-3 were seeded in 48-well plates
at 50,000 cells/well. A549 cells double transduced with lentiviruses encoding a Gal4-driven TurboGFP-lu-
ciferase reporter and lentiviruses encoding the CRISPR/Cas9 gene and the respective sgRNAs were
seeded in 96-well plates at 20,000 cells/well; 6 h after seeding, the cells were treated with IFN-a (5,000
U/ml) for 16 h. Cell-cell fusion was started by adding the glycoprotein-expressing effector cells to the tar-
get cells in a 1:1 ratio. After 48 h, the cells were lysed in luciferase cell culture lysis reagent (Promega)
and luciferase activity was determined using the Beetle-Juice luciferase assay (PJK Biotech) according to

the manufacturer's instructions and a BioTek Synergy 2 plate reader.

Flow cytometry. For detection of cell surface proteins, A549 IFITM1/2/3 knockout cells were H,0 or
IFN-a treated for 16 h, washed with PBS, detached using EDTA/EGTA (5 mM/5 mM) at 37°C, and washed
with cold PBS (4°C). The cells were fixed with 4% methanol-free formaldehyde for 5 min and washed
twice with PBS. Following blocking with 10% FCS (blocking buffer) in PBS, the cells were incubated with
primary antibody (Table 4) in blocking buffer for 90 min at 4°C. After washing with PBS, the cells were
incubated with secondary antibody (Table 4) in blocking buffer for 45 min at room temperature (RT) in
the dark. The cells were washed and postfixed with 2% methanol-free formaldehyde in PBS. Analysis
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was performed using an LSRIl flow cytometer (BD Biosciences) and Flowing software (University of
Turku, version 2.5).

Immunofluorescence. A549 cells or HUVEC were seeded on 12-mm coverslips (YX03.1; Carl Roth) in
24-well plates at 150,000 cells/well. After attachment, the cells were treated with either H,0 (control) or
IFM-a (5,000 U/ml) for 16 h and cold KSHV_mMNEON-ORF65 was added. Cells were centrifuged
(4,200 rpm, 4°C, 30 min), followed by a 10-min incubation at 4°C. After 3 washes with cold PBS, cells
were either fixed in 4% methanol-free formaldehyde in PBS for 10 min {0-min time point) or shifted to
37°C after addition of D10 (A549 cells) or endothelial cell growth medium 2 (HUVEC). At the indicated

AQ:H  time points, cells were washed once in PBS and fixed in 4% methanol-free formaldehyde in PBS for
10 min. After fixation, cells were washed three times in PBS. Cell permeabilization and blocking were
AQ: 1 performed in IF buffer (5% FCS, 0.05% saponin [Sigma] in PBS) for 1 h. Primary antibody (Table 4) incuba-

tion was performed in IF buffer overnight at 4°C or 2 h at RT. Secondary antibody (Table 4) incubation or
incubation with a directly labeled phalleidin probe was performed after three washes with IF buffer for 1
h at RT. Cells were washed once in IF buffer and stained with Hoechst 33342 at 1:10,000 in PBS (catalog
no. 62249; Thermo Scientific) for 5 min, followed by a final wash with PBS. The coverslips were dried and
mounted in anti-fade fluorescence mounting medium (ab104135; abcam). Images were acquired on a
confocal laser scanning microscope (Zeiss LSM800). Laser intensity and signal amplification were main-
tained for each experiment between different conditions for each antibody staining. All images were
processed using Fiji/lmage) software. For the quantification of colocalization of mNEON and IFITM sig-
nals, the Fiji “colocalization” plugin was used. The automatic threshold for IFITM signals was determined
using the “IsoData” methed, averaged for all analyzed images per experiment, and used in the colocali-
zation analysis of all respective IFITM stainings in this experiment. The threshold for mNEON signals was
kept constant in all analyses. Quantification of colocalized particles was performed on the “colocalizated
points 8-bit" output image using the Fiji built-in “find maxima” function. Quantification of total mMNEON-
positive particles was performed using the Fiji built-in "find maxima" function on the mNEON channel af-
ter thresholding identical to the colocalization analysis. For each experiment and time point, at least
three images were analyzed and averaged. For representative images, automatic contrast enhancement
on all channels was performed. All images were smoothed prior to processing.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG 51, TIF file, 2 MB.
FIG 52, JPG file, 2.3 MB.
FIG 53, TIF file, 1.5 MB.
FIG 54, JPG file, 2.8 MB.
FIG S5, TIF file, 0.5 MB.
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[Author: Because the full supplemental material legends will appear in the HTML
version of the article online, and because the copy editor may have made changes, we
have reproduced the legends below. Feel free to enter your changes on this page and
we will see that they are conveyed to the online article.]

FIG S1 Overexpression of IFITM localization mutants and IFITM1 to -3 in
HUVEC. (A and B) A549 cells were transduced with pQCXIP constructs to express
pQCXIP (empty vector), IFITM1, IFITM3, and IFITM3 43AS, Y20A, and Al-21
mutants (A), and HUVEC were transduced with pQCXIP constructs to express
IFITM1 to -3 or pQCXIP (empty vector) (B). IFITMs overexpressing cells were
infected with KSHV-GFP, RRV-YFP, IAV lentiviral pseudotype (IAV-LP), or MLV
lentiviral pseudotype (MLV-LP). Infection was measured using flow cytometry to
detect expression of the fluorescent reporter genes. The data show values normalized
to pQCXIP empty vector, which was set to 100%, and the error bars represent the
standard error of the mean of results of four independent experiments for A549 cells
and standard deviation of results of three independent experiments for HUVEC, each
performed in triplicate. Statistical significance was determined by ordinary two-way
ANOVA; P values were corrected for multiple comparisons by Dunnett’s method
(ns, P > 0.05; *, P =< 0.05; **, P =< 0.01; ***, P =< 0.001; ****, P =< 0.0001). (A and B,
right panels) Representative Western blots of IFITM-overexpressing cells. Expression
of myc-tagged IFITMs was determined using anti-myc antibody, and anti-IFITM3
antibody was used to detect untagged IFITM3 mutants; the A1-21 mutant is less well
detected due to IFITM3 antibody epitope. GAPDH served as a loading control. (C)
Bright-field microscopy images of HUVEC transduced with pQCXIP constructs to
express IFITM1 to -3 or pQCXIP (empty vector) at different magnifications.

FIG S2 Localization of IFITM1/2/3 in A549 cells and HUVEC. (A and B) Confocal
microscopy images of A549 cells (A) and HUVEC (B) treated with IFN-« (5,000 U/
ml) for 16 h and stained with IFITM1, IFITM2, or IFITM3 antibody (all green).
Costaining was performed with antibodies to EEA1, LAMP1, or phalloidin conjugate
(all magenta) and Hoechst stain (blue). Scale bars, 10 um.

FIG 83 KSHV enters A549 cells via an endosomal pH-dependent, macropinocy-
tosis-independent pathway. (A to C) A549 cells (left panel) and HUVEC (right panel)
were pretreated for 30 min with twice the indicated concentration of either
bafilomycin Al (A), MBCD (B), or EIPA (C) and incubated with KSHV-GFP, RRV-
YEP, IAV lentiviral pseudotype (IAV-LP), or MLV lentiviral pseudotype (MLV-LP)
to the final concentration. In the case of EIPA treatment, the medium was changed
after 12 h due to cytotoxicity of prolonged incubation. Infection was measured after
48 h using flow cytometry to detect expression of the fluorescent reporter genes. The
data show values normalized to the respective solvent control, which was set to 100%,
and the error bars represent the standard deviation of the results of one
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representative experiment performed in triplicate (in duplicate for KSHV with
EIPA). Statistical significance was determined by ordinary two-way ANOVA; P
values were corrected for multiple comparisons by Dunnett’s method (ns, P > 0.05;
* P = 005 *, P = 0.01; **, P = 0.001; ****, P = 0.0001). (D) Cytotoxicity of
substances was determined via a CellTiter-Glo assay. A549 cells (left panel) and
HUVEC (right panel) were incubated with the substances at the indicated
concentrations. In the case of EIPA treatment, the medium was changed after 12 h
due to cytotoxicity of prolonged incubation. After 48 h, cell viability was determined
using the luciferase-based CellTiter-Glo assay. The data show values normalized to
the respective solvent control, which was set to 100%, and the error bars represent
the standard deviation of the results of one representative experiment performed in
triplicate. Statistical significance was determined by ordinary one-way ANOVA; P
values were corrected for multiple comparisons by Dunnett’s method (ns, P > 0.05;
*, P =0.05*% P =0.01; ***, P.= 0.001; ****, P = 0.0001).

FIG S4 KSHYV virus particles in A549 cells and HUVEC. Representative confocal
microscopy images of A549 cells (A) and HUVEC (B) treated with 5,000 U/ml IFN-
a, infected with KSHV_mNeon-orf65 (green), and used for the quantification shown
in Fig. 5B. Staining was performed using IFITM1, IFITM2, or IFITM3 antibody
(magenta) and Hoechst stain (blue). Scale bars, 10 pm.

FIG S5 Cell-cell fusion assay. Effector cells (293T cells transfected with either empty
vector [eV] or expression plasmids for the indicated viral glycoproteins together with
Vp16-Gal4 expression plasmid) were added to target cells (A549 cells transduced with a
Gal4-driven TurboGFP-luciferase construct). After the indicated time points, luciferase
activity was measured. The data show fold values relative to empty vector control effector
cells. Error bars represent the standard deviation of the results of one representative
experiment performed in triplicate. Statistical significance was determined by two-way
ANOVA; P values were corrected for multiple comparisons by Dunnett’s method (ns,
P > 0.05; **, P = 0.05; ***, P =< 0.01; ***, P =< 0.001; ****, P = 0.0001).
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4 Discussion

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

Zoonotic viruses pose a major threat for humanity by causing severe epidemics and
pandemics. The zoonotic virus of unknown origin, named SARS-CoV-2 caused an
ongoing pandemic. In order to develop effective intervention strategies and antivirals,
a profound knowledge of viral characteristics has to be gained. In the first publication
(Publication 1), we analyzed the key features of the of SARS-CoV-2 Spike and
compared them with the related zoonotic virus SARS-CoV Spike. We used cell-cell
fusion and pseudoparticle experiments. We were able to show that there are
differences in the receptor requirements and proteolytic activation for cell-cell fusion
between the SARS-CoV-2 and SARS-CoV Spike. These are, to a certain degree, owed
to the multibasic cleavage motif acquired by the SARS-CoV-2-Spike at the S1/S2-site.
Furthermore, we identified the matrix-metalloprotease (MMPSs) inhibitor Batimastat to
reduce the SARS-CoV-2 Spike mediated cell-cell fusion. We were also able to
establish the exact TMPRSS2 priming site within the SARS-CoV-2 Spike for cell-cell
and patrticle fusion. Finally, we could demonstrate activity of the drug Ambroxol against
SARS-CoV-2 replication. Thereby this publication contributes to a better understanding
how the key features of the SARS-CoV-2 Spike influence proteolytic activation and

thus pathogenesis as well as clinical intervention strategies.

4.1.1 The SARS-CoV-2 Spike — Contribution of syncytia formation and matrix-
metalloprotease activation to SARS-CoV-2 pathogenesis
When the new coronavirus SARS-CoV-2 emerged, similarities to SARS-CoV regarding
the Spike conservation, ACE2 receptor usage and proteolytic activation by TMPRSS2
were identified on an impressive timescale (18). Although both viruses share
similarities, there are also important differences. We and others observed that in
comparison to the SARS-CoV Spike, the SARS-CoV-2 Spike displays enhanced
syncytia formation (Publication 1; (77, 79)). Syncytia allow viral spread without
formation of free virus (chapter 2.2) and SARS-CoV-2 Spike mediated syncytia

formation was shown to induce a cytopathic effect (77). Concerningly, syncytia were
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not only found in lung biopsies (205) of COVID-19 patients, but might also play a role
in the risk for cardiac arrythmia during COVID-19, as SARS-CoV-2 Spike induced
syncytia were also observed in a cardiomyocyte model (206). One of the differences
between the SARS-CoV and the SARS-CoV-2 Spike is the pre-processing of the
SARS-CoV-2 Spike by furin and related enzymes, that recognize a multibasic cleavage
motif at the S1/S2-site (chapter 2.3.1).

We and others could show that mutation of this multibasic cleavage motif, which is not
present in the SARS-CoV Spike, reduces the SARS-CoV-2 Spike-mediated formation
of large multinucleated syncytia (Publication 1, (77, 79)), but not the general cell-cell
fusion capability of the Spike when ACE2 and TMPRSS2 are present (Publication 1,
(77)). We observed that the quantitative cell-cell fusion of the SARS-CoV, SARS-CoV-
2-S1/S2-mutant and SARS-CoV-2 wt Spike is similar, when ACE2 and TMPRSS2 are
present. However, the SARS-CoV and SARS-CoV-2-S1/S2-mutant Spikes displayed
fusion of only a few cells, whereas the SARS-CoV-2 wt Spike generated large syncytia
(Publication 1). This is surprising as the overall capability of the Spike to induce cell-
cell fusion and to generate syncytia should be identical. A possible explanation for this
observation might be given by experiments of Braga et al. (207), which identified
several inhibitors of components of the host cellular Ca?*-signaling to reduce the
SARS-CoV-2 Spike-mediated syncytia formation. These experiments showed that
SARS-CoV-2 Spike expression in human cells induces intracellular Ca?* oscillation
and that inhibition or downregulation of the Ca?*-activated chloride channel TMEM16F
reduced the syncytia formation (207). In addition to the chloride channel activity,
TMEM16F is also a scramblase that translocates phosphatidylserine (PI) from the
inner to the outer leafleat of the membrane (208). Increased Pl-levels in the outer
leafleat of the membrane is associated to cell-cell fusion events (209). It is therefore
possible that the fusion capability of the SARS-CoV-2 Spike is enough to mediate initial
cell-cell fusion of only a few cells, while the Spike-mediated Ca?* oscillation and the
resulting signaling is necessary to induce the formation of large syncytia. In line with
the observation of reduced syncytia formation, the SARS-CoV Spike does also not
induce Ca?* oscillation similar to the SARS-CoV-2 Spike (207). Due to the absence of
the multibasic cleavage motif in the SARS-CoV Spike and the fact that the S1/S2-site
mutated SARS-CoV-2 Spike shows reduced syncytia formation, it is plausible to
assume that the multibasic cleavage motif might be required for, or at least involved
in, the SARS-CoV-2 Spike-mediated Ca?* oscillation.
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Besides the difference in the ability to generate syncytia, we observed differences in
the receptor dependency and proteolytic activation of cell-cell fusion between the
SARS-CoV-2 and SARS-CoV Spike. We observed that effective SARS-CoV-2 Spike
mediated cell-cell fusion was only dependent on ACE2, while TMPRSS2 was
dispensable. In contrast, SARS-CoV Spike mediated cell-cell fusion, mainly depended
on TMPRSS2 and less on ACE2 (Publication 1). As proteolytic priming of the
coronavirus Spike is a prerequisite for fusion activation (chapter 2.3.1 and 2.4.1) and
the TMPRSS2 inhibitor Camostat was unable to reduce the cell-cell fusion activity
(Publication 1), this suggests that cell-cell fusion activation of the SARS-CoV-2 Spike
can occur by additional proteases. We therefore tested several protease inhibitors and
identified the MMP-inhibitor Batimastat to effectively inhibit the SARS-CoV-2 Spike-
mediated cell-cell fusion when only ACE2 is expressed. Similarly, Nguyen et al.
identified the MMP-inhibitors lllomastat and Marimastat as inhibitors of SARS-CoV-2
Spike-mediated cell-cell fusion (77). It thus seems that Batimastat-sensitive MMPs are
capable to activate the SARS-CoV-2 Spike for cell-cell fusion, when ACE2 is present
and TMPRSS2 is absent. A similar MMP activation of the SARS-CoV Spike mediated
cell-cell fusion was not seen, indicating that there is a difference in the activation
potential of the SARS-CoV and the SARS-CoV-2 Spike. Interestingly, mutation of the
multibasic cleavage motif at the S1/S2-site reduced the TMPRSS2-independent
activation, suggesting that the multibasic cleavage motif might be also relevant for
ACE2-dependent MMP-activation of the SARS-CoV-2 Spike.

This raises the question why pre-processing of the S1/S2-site might be necessary for
MMP activation. It was demonstrated that pre-cleavage at the S1/S2-site increases the
binding of the Spike to ACE2 (14, 142). Structural comparison of SARS-CoV-2 wt and
S1/S2-mutant Spikes revealed that in pre-cleaved Spikes, the RBD favors the open
conformation and thereby accessibility for ACE2 binding (142). It thus seems plausible
to assume that the easier accessibility to ACE2 by pre-cleavage at the S1/S2-site might
allow a broader range of proteases to activate the SARS-CoV-2 Spike for cell-cell
fusion. Although MMPs activate the SARS-CoV-2 Spike for cell-cell fusion, we were
unable to observe an inhibitory effect of Batimastat on the entry of particles
pseudotyped with the wt and S1/S2-mutated SARS-CoV-2 Spike into 293T-
ACE2/TMPRSS2 cells as well as live virus replication in Calu-3 cells. However, it was
shown that the MMP-inhibitors Prinomastat and Marimastat effectively inhibited the
spread of SARS-CoV-2 in A549-ACE2 cells (210), which suggests that spread of live
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virus in cells devoid of TMPRSS2 expression might be still partially mediated by MMPs.
This observation is especially concerning, as MMP-1 and MMP-9 plasma levels were
elevated in hospitalized COVID-19 patients and this elevation correlated with
hospitalization and in case of MMP-9 with reduced 30-day survival rate after intensive
care unit admission (211, 212). MMP expression is also upregulated in response to
pro-inflammatory cytokines, which are also released upon SARS-CoV-2 infection, and
MMP activity is associated to tissue damage in respiratory diseases (213, 214).
Together with the potential MMP activation of cell-cell fusion and the S1/S2-site pre-
cleavage mediated syncytia formation, this has the potential to result in a malicious
feedback loop that might contribute to the SARS-CoV-2 pathogenesis and clinical
outcome of COVID-19.

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

Although the multibasic cleavage motif at the S1/S2 subunit boarder and the activation
by MMPs is a clear difference between SARS-CoV-2 and SARS-CoV, the most critical
step of proteolytic priming in the S2-subunit for fusion of viral and host membrane
remains the same. Due to the high conservation of the S2-subunit among
coronaviruses and the fact that the SARS-CoV as well as the MERS-CoV Spike are
activated by the protease TMPRSS2 (215, 78), the SARS-CoV-2 Spike was soon also
identified to be activated in a TMPRSS2-dependent manner (18).

The SARS-CoV and MERS-CoV Spikes were demonstrated to be activated at the S2’-
site present in the S2-subunit immediately upstream of the fusion peptide (93, 94, 99).
This KR-motif is also present in SARS-CoV-2. As proteolytic activation is the key step
in the entry and fusion of SARS-CoV-2, we mutated this motif and were able to show
that this site is critical for TMPRSS2-mediated activation for cell-cell fusion and particle
entry (Publication 1). Similar mutations were already introduced into the Spike of
SARS-CoV. However, these mutated Spikes displayed reduced cell surface
expression and incorporation into pseudoparticles (94, 216), which hampered the
efforts to effectively study the influence of this mutations on the TMPRSS2-mediated
activation of the SARS-CoV Spike. The observed reduction in cell-surface expression
and pseudoparticle incorporation was likely based on reduced stability of the S2’
mutated Spike, as it was possible to increase the incorporation by growing the producer
cells at 32°C (94). Nguyen et al. reported that mutation of the SARS-CoV-2 S2’-site,
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which displayed, in addition to reduction of TMPRSS-mediated activation, reduced
cleavage at the S1/S2-site (77). The reduction of cleavage into S1- and S2-subunits
by mutation of the S2’-site would hint towards a more complicated activation process
in which the activation of the S2’site would be prerequisite for cleavage at the S1/S2-
site. However, also the cell surface expression and incorporation into pseudoparticles
of this S2’-site mutant was reduced (77), therefore the observed decrease in cleavage
at the S1/S2-site is likely result of reduced stability of this mutant, too. After initially
identifying the SARS-CoV-2 S2’-AA mutant showing lower surface expression, as well,
we screened several mutants and identified the SARS-CoV-2 S2'-GH mutant
displaying normal surface expression and particle incorporation. This mutant was still
pre-processed at the S1/S2-site similar as the wt Spike. Interestingly, although any
TMPRSS2-mediated activation for cell-cell fusion and particle entry was completely
abolished, the cell-cell fusion was still inhibited by Batimastat and the particle entry by
the cathepsin inhibitor E64-d. A similar observation was already made for the SARS-
CoV Spike by Belourzard et al. (94). In their experiments, the SARS-CoV Spike KR-
motif mutant R797N was still affected by NH4Cl treatment, which raises the endosomal
pH required for cathepsin activation, suggesting that this mutant was also still
activatable by cathepsins. In agreement with that, computational analysis of the SARS-
CoV-2 Spike revealed several potential cathepsin cleavage sites near but not at the
S2’-site (217). While this, on one hand demonstrates that the KR-motif in the S2-
subunit is the recognition motif for TMPRSS2-mediated fusion activation, it clearly
shows on the other hand, that the SARS-CoV-2 Spike can be likely activated
redundantly by cathepsins and MMPs at sites distinct to that targeted by TMPRRS2.

Both, the TMPRSS2-mediated entry at the cell-surface and the cathepsin-mediated
endocytic entry are utilized by the virus in cell-culture. Cells with high ACE2 and low
TMPRSS2 expression are entered primarily in a cathepsin dependent manner,
whereas cells with TMPRSS2 expression are entered via direct fusion at the plasma
membrane (18, 95, 218). However, while the TMPRSS2-mediated entry also plays a
clear role in coronavirus systemic infection (219-221), the in vivo importance of the
cathepsin pathway is still under debate. For SARS-CoV it was demonstrated that
Camostat inhibited infection in a mouse model, whereas the cysteine protease inhibitor
K11777 was without effect on viral replication (219), indicating that the cathepsins are
likely not utilized in effective infection of mice. Direct evidence whether the cathepsin
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pathway is utilized in SARS-CoV-2 infection remain scarce, but there is some indirect
evidence that would imply involvement of this cathepsin-dependent entry in human
infection. It was shown that elevated cathepsin B and L plasma-levels of COVID-19
are related to disease severeness and in the same study it was demonstrated that the
cathepsin inhibitor E64-d reduced the SARS-CoV-2 pseudoparticle entry in a
humanized mouse model (222). Whether these results can be translated to humans is
unclear. However, these results at least raise the possibility that both, the TMPRSS2
and cathepsin pathways might be both utilized in vivo. Together with cell-cell fusion,
this might give the virus at least three options to propagate, which would have
important influence on identification and design of antivirals that try to block the SARS-

CoV-2 Spike-mediated entry.

4.1.3 A potential role of Ambroxol in COVID-19 treatment

Being very effective in cell-culture settings, clinical trials using Camostat and related
drugs were highly promising (18, 103, 223). However, the recent results of the
Camostat clinical trial showed no significant improvement of neither disease
progression nor clinical outcome (224). Similarly, studies using chloroquine and
hydroxychloroquine, which likely increase the endosomal pH and thus inhibit pH-
depended virus entry (225, 226), were tested in cell-culture with promising results (227,
228), but remained ineffective in clinical trials (229). These observations possibly have
several reasons: On one hand, the damages inflicted by SARS-CoV-2 infection are
often already severe when clinical symptoms arise and are most likely not completely
counteracted by inhibiting viral replication (20, 21). On the other hand, it was
demonstrated that Camostat is most effective in Calu-3 cells with high TMPRSS2
expression levels and where the endosomal pathway is not available (18, 95, 103),
while it is ineffective in cells which are mainly entered via the endosomal pathway in a
cathepsin-depended manner (95, 230). Vice versa chloroquine/ hydroxychloroquine
does not inhibit the entry into cells which can be entered at the cell surface via
TMPRSS2-mediated activation (226, 230). Although it is still possible that the
bioavailability and the achievable intracellular concentrations of Camostat and
chloroquine/hydroxychloroquine are too low, there is also still the possibility that the
potential redundancy of the two pathways may result in ineffective inhibition by one of
these drugs alone. The redundancy of viral propagation is increased by an additional
layer, as MMP-mediated cell-cell fusion might be still possible in the presence of both
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Camostat and chloroquine/hydroxychloroquine. Therefore, effective COVID-19
treatment, focusing on entry and fusion, likely must function on multiple layers.
Initially thought as a well-tolerated and widely distributed alternative to Camostat in
SARS-CoV-2 inhibition, we tested the over-the-counter-medications Ambroxol and
Bromhexine. Bromhexine, which was identified to inhibit TMPRSS2 in previous studies
(231), is a chemically-related metabolic precursor of Ambroxol. Ambroxol was tested
because it has no severe side effects, it can be administered in high doses, and it
accumulates in the lung (232—-234).

We could show that Ambroxol and Bromhexine inhibit the SARS-CoV-2 replication in
Calu-3 cells and in case of Ambroxol, also Spike-mediated cell-cell fusion, in some
settings (Publication 1). However, when tested in pseudoparticle infection of 293T-
ACE2/TMPRSS2 cells, Bromhexine and Ambroxol remained ineffective. Furthermore,
neither the effect of Ambroxol or Bromhexine on SARS-CoV-2 infection of Calu-3 cells
nor the effect of Ambroxol on SARS-CoV-2 mediated cell-cell fusion was robust. The
missing effect of Ambroxol and Bromhexine on TMPRSS2 activation of the SARS-
CoV-2 Spike for cell-cell fusion we observed, might be explained by redundant
activation by MMPs. This is also the case for Camostat, which only inhibited the SARS-
CoV-2 Spike mediated cell-cell fusion when used together with Batimastat. However,
we observed that SARS-CoV-2 Spike-mediated cell-cell fusion was inhibited by
Ambroxol and Bromhexine when either the S2’-site or the S1/S2-site was mutated and
only ACE2 and not TMPRSS2 was expressed. As basal levels of TMPRSS2
expression are low or not present in 293T cells and the S2’-mutant is not activated by
TMPRSS2, it is unlikely that the observed inhibition of Ambroxol and Bromhexine of
the S2’-site or the S1/S2-site mutant is related to TMPRSS2. Together with results of
Shrimp et al., which are questioning the overall inhibitory effect of Ambroxol and
Bromhexine on TMPRSS2 activity (235), this raises the question about the reason for
the inhibitory effect we observed. However, results of Olaleye et al. demonstrated that
Ambroxol inhibits the interaction of the SARS-CoV-2 Spike with ACE2 (236). This
inhibitory effect of Ambroxol would also be a suitable explanation for our observation
that the sensitivity of the S2’-site and the S1/S2-site mutants to Ambroxol and
Bromhexine is dependent on ACE2 and not TMPRSS2 expression. The inhibition of
the SARS-CoV-2 Spike and ACEZ2 interaction would also explain the inhibitory effect
of Ambroxol on SARS-CoV-2 replication observed by Bradfute et al. in Vero cells,
which are entered in ACE2-dependent manner (237). In addition, the antiviral effect of
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Ambroxol might be also explained by the observed inhibition of the acid
sphingomyelinase by Ambroxol in the same cell type (238). In a previous report, the
same group demonstrated that SARS-CoV-2 infection depends on ceramides, which
are produced as result of acid sphingomyelinase enzyme activity (239). Although the
reduction of ACE-binding or acid sphingomyelinase activity might both contribute to
the reduced SARS-CoV-2 replication we observed in Calu-3 cells, we also observed
an inhibitory effect of Ambroxol on pseudoparticle entry of VSV-G. Ambroxol was
already shown to impact endocytosis of rhinovirus by increasing the endosomal pH
(240) and thus likely also reduce the endosomal-dependent entry of VSV-G and
potentially SARS-CoV-2. While Ambroxol might thereby influence already a variety of
points in the viral entry, it was shown to have anti-inflammatory properties and to
improve the survival of mice infected with IAV (241). Interestingly, Ambroxol was
shown to reduce the cytokine release in human bronchoalveolar mononuclear cells
(242) and the mRNA expression levels of MMP-2 in rat lung tissue (243). Furthermore,
Ambroxol was successfully applied in the treatment of adult respiratory disease (244,
245), infant respiratory distress syndrome (246) and neonatal respiratory distress
syndrome (244), which would add an additional layer in COVID-19 treatment. Together
with the impact on viral replication and the good pharmacological properties (244), this
would make Ambroxol and attractive candidate for clinical trials together with additional

protease inhibitors such as Camostat.

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

IFITMs are broadly acting antiviral factors, that restrict the entry of a variety of viruses
(see chapter 2.5.2). However, neither the exact mode of action nor the mechanism
how some viruses avoid IFITM restriction have been completely clarified. In this work
we could show that the entry gamma-2-herpesviruses of KSHV and RRV is, in
principle, restricted by IFITM proteins. Furthermore, we could show that this restriction
depends on the cell type. While IFITMs only partially colocalize with viral particles, they
are able to reduce the fusion protein-mediated cell-cell fusion (Publication 2). Together
this suggests that IFITMs can restrict the KSHV/RRYV glycoprotein-mediated fusion and

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

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

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

We were able to show that IFITM1 restricts KSHV and RRV infection in a cell-
dependent manner, while IFITM2 and IFITM3 were less effective in restricting the entry
of KSHV and RRYV (Publication 2). Given the fact that the function of IFITMs is still not
completely clarified, this observation might give interesting hints regarding the function
and interplay of IFITMs. It is a frequent observation that only a single IFITM and in
several cases only IFITM1, restricts viral entry. Similar to KSHV and RRV, HSV-1,
mumps virus, RSV, Jaagsiekte sheep retrovirus (JSRV) and Murine leukemia virus
(MLV)-10A1 are also less affected by IFITM2/3, but highly by IFITM1 (183, 187). Of
those, HSV-1, mumps virus and RSV have in common that entry into some cell types
is proposed to occur near or at the plasma membrane (70, 247, 248), where also
IFITM1 is mainly localized (177, 181, 183).

This raises the question about the function of IFITM1. While there are many proposed
functions for IFITM3, IFITM1 is less well studied. IFITM3 was shown to induce negative
curvature and increase the lipid order as well as the stiffness of the membrane in which
it resides (187, 191). These modifications are proposed to still allow hemifusion but
prevent fusion pore opening and thus inhibit fusion of viral and host membranes (187,
190, 191, 200). IFITM3-activity on the biophysical properties of membranes was
mapped to its AH (189, 191). Due to the high similarity and the fact that this AH is also
present in IFITM1 (Figure 6A), it is reasonable to assume that IFITM1 modifies
membranes in a similar manner as IFITM3. In line with that, we observed inhibition of
KSHV and RRV glycoprotein-mediated cell-cell fusion activity by IFITM1 and
enhancement upon IFITM1/2/3 knockout. Similar to our experiments, cell-cell fusion
activity mediated by the glycoproteins of HIV-1 (249), IAV (187, 189), VSV-G (189),
JSRV (187) and SARS-CoV-2 (188) was also reduced by IFITMs, in case of SARS-
CoV-2 Spike cell-cell fusion most by IFITM1. The activity of IFITM1 towards cell-cell
fusion seems plausible, as cell-cell fusion involves fusion of two IFITM1-containing
plasma membranes, supporting the idea that IFITM1 modifies membranes in a similar

manner as IFITM3. In line with this notion we observed interchangeability of the IFITM
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effect in our experiments using IFITM3 localization mutants. Mutation of the IFITM3
Yxx®-motif (chapter 2.5.2, Figure 6), which is also the major difference to IFITM1,
resulted in acquisition of an antiviral effect towards RRV that was similar to IFITM1
(Publication 2). It is therefore likely that IFITM1, IFITM2 and IFITM3 exert a similar
effect on membrane fusion, but at different subcellular localizations.

While these results together would explain how IFITM1 might prevent viral fusion at
the plasma membrane, it would not explain the restriction of KSHV and RRV, because
they do not efficiently enter the cells via direct fusion at the plasma membrane. In
contrast to RRV gB, which allows cell-cell fusion at neutral or medium pH (Publication
2, (130)) and thus potentially also plasma membrane fusion, KSHV gB apparently does
not (own observation, (132)). Furthermore, we and others observed that the entry of
KSHV and RRV is sensitive to an increase of endosomal pH by BafilomycinAl
(Publication 2, (113)), suggesting that they enter the cells primarily in an endosomal
pH-dependent manner. It is therefore unlikely that the IFITM1 mediated effect towards
KSHV and RRYV fusion is exerted directly at the plasma membrane. Similarly, JISRV
and MLV-10Al also do not enter most of the tested cells at the plasma membrane
(250, 251), but are still primarily restricted by IFITM1 (187). In addition to the plasma
membranes, IFITM1 is also found in endosomal vesicles that are distinct from vesicles
that colocalize with IFITM2 and IFITM3 (181-183). Interestingly, IFITM1 colocalizes
and interacts with caveolin-1 (252). It is therefore possible that IFITM1 restricts viruses,
that enter via caveolin-mediated entry. This would correlate with the observation that
the IFITM1-restricted viruses MLV-10A1 and RSV enter some cell types via caveolin-
mediated entry (250, 253).

However, RRV and JSRV are not associated to caveolin-mediated entry (113, 254)
and KSHV as well as RSV enter only a subset of cells in a caveolin-dependent manner
(124, 127, 253, 255). While this does not rule out that IFITM1 impacts caveolin-
mediated entry, it would not explain restriction of the above-mentioned viruses, that do
not exclusively utilize this entry pathway. A common observation made for IFITM1-
restricted viruses by us for RRV, KSHV, (Publication 2) and by others for HSV-1, MLV-
10A1, JSRV and RSV, is that they are highly sensitive to cholesterol depletion by
methyl-beta-cyclodextrin (MBCD) (250, 256-258). Although MBCD influence all
cholesterol-dependent fusion events, it also disturbs cholesterol-containing lipid rafts,
which are utilized as signaling and entry platforms by a variety of viruses (259). IFITM1

was shown also to be associated to lipid rafts as it interacts with caveolin-1 (252),
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which in turn colocalizes with lipid rafts and cholesterol (252, 260). Indeed, IFITM1
restricts a variety of viruses that are associated to lipid raft mediated entry (259, 261,
262), including the above mentioned KSHV, HSV-1, MLV-10A1, JSRV, RSV as well
as IAV, SARS-CoV, SARS-CoV-2, DENV, EBOV, Marburg virus, WNV and HIV-1 (259,
261, 262). If IFITM1 affects membranes in which it resides in a similar manner as
IFITM3, it is possible that IFITM1 influences the fusion of viruses that enter cells from
lipid rafts or in a cholesterol-dependent manner. IFITM1 thereby might add an
additional layer of restriction against viruses that enter not via the classical clathrin-
mediated entry pathway, increasing the range of IFITM-mediated restriction.

4.2.2 IFITM evasion of KSHV and RRV

While our experiments in part may explain the effect of IFITM1 towards KSHV and
RRV, the question is still open why IFITM2 and IFITM3 fail to restrict RRV and IFITM2
KSHYV, although both viruses enter the cells in an endosomal pH-dependent manner
(Publication 2, (113)). A potential explanation how RRV escapes IFITM2 and IFITM3
is given by the fact that RRV gB fusion can be triggered at medium acidic to neutral
pH (Publication 2, (130)). This might allow RRV to fuse early in the endosomal pathway
and thus avoid IFITM2/IFITM3 containing late endosomes. For KSHV in contrast, we
observed partial restriction by IFITM3, and this restriction disappears with IFITM3
delocalization mutants Y20A, A1-21 and 43AS, suggesting that the slight antiviral effect
of IFITM3 towards KSHV might be exerted in endosomes. Together with the results
showing that KSHV is sensitive to Bafilomycin Al, this implies that a proportion of
KSHV particles must be localized to IFITM3 containing endosomes. Indeed, we
observed partial colocalization of KSHV particles with IFITM2/3 in A549 cells and
HUVEC, implying that KSHV enters IFITM2/3 containing endosomes. Still, KSHV is
not restricted by IFITM2 and only minor by IFITM3 and knockout of IFITMs remains
completely without effect in HUVEC. Together this suggests that there is a mechanism
KSHV employs to avoid IFITM restriction.

We observed that entry into HUVEC, in contrast to A549 cells, was sensitive to the
macropinocytosis inhibitor 5-(N-Ethyl-N-isopropyl)amiloride (EIPA). It can be
speculated that KSHV’s avoidance of IFITMs in HUVEC might be the result of
macropinocytotic entry. EBOV, IAV and vaccinia virus are known to enter cells via
macropinocytosis (263—-265) and are restricted by IFITMs (262). However, the fact that
they require pH-dependent activation in late endosomes (263-265), which also contain
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IFITM2/IFITM3, makes it difficult to make a statement about the IFITM influence on
macropinocytotic entry. It is therefore not possible to state whether the missing effect
of IFITMs is caused by macropinocytosis or the fact that KSHV has an additional entry
pathway available in HUVEC, that is not utilized in A549 cells. In addition to the
observed difference in the entry pathway of KSHV, we could also show that KSHV
particles colocalize with IFITM1 at a later timepoint in HUVEC than in A549 cells. The
importance of colocalization of IFITMs and viral particles was demonstrated in live cell
imaging experiments by Spence et al., which tracked IAV patrticles. It was shown that
IAV particles colocalize with IFITM3-positive endosomes (200, 201) and that these
particles are trapped in endosomes until they are subjected to degradation in the
endolysosomal pathway (200, 202). A comparable effect might be exerted by IFITM1
on KSHV in A549 cells, as we observed similar colocalization of KSHV patrticles with
IFITM1 over the course of the experiment. Interestingly, the percentage of
colocalization of KSHV particles mirrored the percentage of IFITM1 restriction in A549
cells. In contrast to A549 cells, colocalization of IFITM1 with KSHV particles was
observed in HUVEC at a later timepoint. Again, the lower percentage of colocalization
with IFITM1 at this timepoint mirrored the effect of IFITM1 overexpression in these cells
(Publication 2). Whether the observed later colocalization of KSHV patrticles in HUVEC
can be assigned to macropinocytotic entry remains unclear, but it seems possible that
the sensitivity to EIPA might be related to the difference in the timepoints of
colocalization of KSHV particles with IFITM1 between A549 cells and HUVEC.

While we detected increasing colocalization over time for all IFITMs, at least 50% of
KSHYV particles still did not colocalize with IFITM signals. We frequently observed that
KSHV particles are found in areas of low IFITM signal. Although we cannot provide
evidence it is still plausible to assume that these particles mediate the actual infection
of the cell, when considering the proposed IFITM-mediated inhibition on viral and host
fusion. Beside the tracking of IAV particles Spence et al. (200) and Suddala et al. (201)
also performed experiments with particles pseudotyped with the LASV glycoprotein.
LASV is not restricted by IFITMs (174). By tracking the LASV glycoprotein
pseudoparticles it became obvious that they do not colocalize with IFITM3 to the same
extend as restricted IAV patrticles. It is unclear how this is possible as LASV fusion still
requires low endosomal pH for fusion activation (266, 267). However, LASV dutilizes a
clathrin/caveolin independent pathway for entry (268), but is still sensitive to MBCD
and BafilomycinAl (267, 268). Given the fact that the cell-cell fusion activity mediated
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by the glycoprotein of LASV is restricted by IFITMs (187), when the fusion
requirements are fulfilled, it can be speculated that this clathrin/caveolin-independent
entry might allow the IFITM avoidance. Interestingly, LASV entry is also sensitive to
EIPA (269, 270), but due to insensitivity to inhibitors of actin remodeling, it was
suggested that LASV utilizes an unconventional mode of macropinocytosis (269).
Considering the similarities in inhibitor sensitivity and the fact that glycoprotein
mediated cell-cell fusion of LASV and KSHV are impacted by IFITMs in a similar
manner (Publication 2, (267-270)), it cannot be excluded that KSHV employs a similar
strategy as LASV to evade IFITMs. This may also explain why KSHV infection is not
impacted by IFITMs to the same degree as IAV (Publication 2). KSHV particles that
enter classical IFITM-restricted endocytosis pathways might be restricted by IFITMs,
while particles that utilize alternative pathways may escape the restriction, resulting in
successful infection. This avoidance mechanism might be only fully available in some
cell types like HUVEC and not in others like A549 cells, which are not entered via an
EIPA-sensitive pathway. The effect of IFITMs on KSHV infection might be therefore
dependent on the type or the availability of redundant entry routes, which may in turn
also explain cell-dependent differences.

4.2.3 Viral adaptation to IFITMs and influence on in vivo importance

The observation that KSHV and RRV might employ an avoidance mechanism that is
functional in HUVEC but not in A549 cells is interesting, as HUVEC express
comparably high endogenous IFITM levels, which are only marginally increased after
IFN-treatment. KSHV is an endotheliotropic virus and endothelial cells might play a
role in KS development (271, 272). Considering the strong effect of IFITMs on IAV
infection (174) and the fact that IFITMs seem to be able to inhibit the in vitro cell-cell
fusion of all fusion proteins tested so far (Publication 2, (187-189, 201, 249)), IFITMs
likely represent a major membrane fusion barrier for all viruses. Indeed, IAV
pseudoparticle infection of HUVEC, was not efficiently possible until IFITM1/2/3-
knockout (Publication 2), underlining the potential importance of IFITMs in defense.

However, not all viruses are restricted by IFITMs and while IFITMs may reduce
infection they don’t completely prevent infection. Given the fact that IFITMs are highly
conserved and are found in nearly all vertebrate species (172), it is likely that
evolutionary adaptation to IFITMs might represent an important process in virus
evolution. Viruses utilize a variety of mechanism to adapt to IFITMs. Minor mutations
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in the HIV-1 env already allow avoidance and renders transmitted founder viruses
resistant against IFITM-mediated restriction (273). It is suggested that plasma
membrane fusion of SARS-CoV-2 allows avoidance of the IFITM-mediated effect and
might be one reason for the importance of the SARS-CoV-2 Spike multibasic cleavage
site (95, 274). Interestingly, SARS-CoV-2 entry into Calu-3 cells was shown to be
enhanced by IFITM2 (275). Similarly, also infection of the human coronavirus HCoV-
OC43 is enhanced by both, IFITM2 and IFITM3 (276), suggesting that coronaviruses
not just evolved a mechanism for IFITM avoidance, but a possibility to utilize IFITMs
for infection. In the group of herpesviruses, HCMV is also not restricted by IFITMs and
hijacks them for viral particle assembly (277).

Also, earlier reports of the IFITM effect on KSHV infection demonstrated that KSHV
infection of BJABs was enhanced upon IFITM1 overexpression (278, 279). Although
we observed an enhancement of KSHV infection just for IFITM2 in SLKs, the cell
dependency of the IFITM-mediated effect on KSHV infection makes an enhancement
of infection in some cell types possible. Whether the enhancing effect of IFITMs on
KSHYV infection is limited to the reported cell types remains unclear. However, while
KSHV effectively suppresses IFN induction by expressing viral Interferon regulatory
factors (VIRF) that are homologues to human IRFs (280, 281), we observed that IFITM
expression is still enhanced upon KSHV infection of A549 cells. It was shown that,
although KSHV is effectively suppressing the IFN-response, the levels of IFITMs are
still increased upon KSHYV infection (282, 283). It is not further investigated how this is
achieved, but it is possible that KSHV induces IFITM expression via its viral interleukin-
6 (vIL6). The human and mice IFITM3 are in addition to IFN, also upregulated by IL-6
in a cell type dependent manner (284, 285). Therfore IFITM upregulation might be, at
least partially, a result of KSHV vIL-6 expression. It is therefore possible that the
observed avoidance of IFITMs by KSHV is an evolutionary adaptation because
downregulation of IFITMs is not achieved or evolutionary disfavored, as IFITMs seem
to be utilized for entry into some cell types (278, 279).

From our results we cannot conclude whether KSHV evolved the observed IFITM
mediated enhancement (278, 279) or avoidance (Publication 2) during course of
evolution, but it is at least plausible as a similar adaption is also observed for CoVs
(179, 276) and other herpesviruses (277, 278). Still, the antiviral effect of IFITMs
against e.g. IAV is of high importance in vivo. Knockout of the IFITM-Cluster in mice

resulted in an drastic increase of disease progression, mortality and higher systemic
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viral burden after 1AV infection (284). This effect was mainly accounted to IFITM3, as
ifitm3 deletion did not surpass the effect of the ifitm-cluster knockout. A similar
observation was made in ifitm3 knockout mice where lethality was greatly enhanced
upon WNV infection (286). Interestingly, the IFITM3-mediated restriction was mainly
observed in primary cells and cells of fibroblast origin and less in neuronal tissues
(286).

We also observed stronger effects of IFITM-knockout in primary cells upon IAV
pseudoparticle infection (Publication 2). As these cells displayed as well high levels of
basal IFITM expression, it is tempting to speculate that IFITMs play a role in
constitutive defense against viruses and thus function as a major barrier for primary
infection. Given the importance of IFITMs in cell culture and in vivo models it is not
surprising that IFITMs might also play a role on a populational level. Single nucleotide
polymorphisms (SNP) in IFITM3 are frequently found in the human population and
were shown to result in changes of IFITM expression levels (287, 288), or alternative
RNA splicing (289). Especially the IFITM3 variant rs12252 is associated with increased
disease progression or severeness of HIV (290), IAV (289, 291) and SARS-CoV-2
(292-294) infections. Given the modest effect of IFITMs we observed on KSHV
infection of many types of cells, it is unlikely that genetic variants may play a major role
for KSHV. However, the dramatic increase in KSHV infection of A549 cells upon IFITM
knockout, suggests that IFITMs might play a role in prevention of KSHV infection of
specific cell types and may therefore contribute to inhibition of the systemic spread of
KSHV.
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5 Outlook

Although we were able to gain insights into the differences in proteolytic activation and
receptor usage of SARS-CoV-2 and SARS-CoV, there are still open questions. While
the multibasic cleavage site is clearly involved in the syncytia formation of the SARS-
CoV-2 Spike, it is unclear how it facilitates the cell-cell fusion or whether it contributes
to the Spike mediated Ca?* signaling. It might be therefore interesting to test whether
S1/S2-mutants still trigger Ca?*-oscillation. Although syncytia were observed in the
lungs of COVID-19 patients and they induce cytopathic effects in vitro, the degree of
contribution to the SARS-CoV-2 pathogenesis is not clear and might be addressed in
future studies.

While metalloproteases can activate SARS-CoV-2 for cell-cell fusion and
metalloprotease inhibitors were shown to reduce the replication of SARS-CoV-2 in
A549-ACE2 cells, it remains unknown whether MMPs also play a role in vivo.
Identification of the MMP cleavage site in the SARS-COV-2 Spike might give
information about the importance of the MMP activation. As several tools for
manipulation of the SARS-CoV-2 genome are now available, the mutation of the
TMPRSS2-priming site, which we identified, as well as additional proteolytic priming
site mutants might be introduced into live virus and tested in mice or ferret models.
This would allow the investigation of the in vivo importance of activation via different
protease types for SARS-CoV-2 infection and pathogenesis.

The observation that fusion of the SARS-CoV Spike can be triggered with no or
reduced ACE2-levels, at least for cell-cell fusion, might hint towards interesting
differences in the activation potential and requires further investigation. Especially in
the light of an unknown number of coronaviruses still present in bats, with high potential
of zoonotic transmission, it is important to fully understand the Spike fusion
mechanisms in detail.

Meanwhile there are several vaccines against SARS-CoV-2 available. However, as
new mutations with increasing immune escape arise, there is still a demand for
effective drugs against COVID-19. We observed that SARS-CoV-2 activation and entry
and cell-cell fusion shows a high degree of redundancy regarding proteolytic activation.
Although the proteolytic activation is an attractive intervention step, it might not be
sufficient to inhibit only a single protease-family. Future investigations and clinical

studies therefore have to focus on either combining several protease inhibitors or on
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targeting multiple steps in the SARS-CoV-2 replication cycle. We hope that this work
might convince towards the use of Ambroxol in combination with protease inhibitors in
upcoming clinical trials. While the inhibitory effect of Ambroxol might be mild, the
potential to target different steps of the SARS-CoV-2 entry, the pharmacological
properties and the fact that it is already used in treatment against respiratory diseases,

makes it a good candidate for clinical trials.

In this work we were also able to increase the list of viruses inhibited by the broad-
spectrum fusion restrictors IFITMs. Although the effect of IFITMs against KSHV and
RRV was rather mild, the differences in the restriction potential of individual IFITMs
and the cell-dependency of the IFITM restriction gave interesting insights into the
overall IFITM function. Our approach of complete IFITMs knockout gave us the chance
to study IFITM function at basal expression levels, which reduces chance of
overexpression artifacts and might thereby give future directions in how to study IFITM
function. This is especially true as we saw a discrepancy between overexpression and
knockout experiments.

Furthermore, in future studies IFITMs might be utalized together with endocytic
inhibitors to block potential redundant entry pathways. It might be also interesting to
perform live particle tracking experiments with KSHV and RRV particles that identify
the actual site of viral fusion to see whether these sites correlate with IFITM positive or
negative compartments. Mutations in the AH of IFITM1 might also show whether the
effect of IFITM1 on KSHV, RRV and other IFITM1 restricted viruses is similar as
observed for IFITM3. While it is unlikely that IFITMs can be used as intervention
against KSHV, our results together with the observation of others that all IFITMs are in
principle able to restrict viral fusion protein mediated cell-cell fusion and that the activity
likely depends on IFITM localization might lead to the development of a new generation
of broad-spectrum fusion inhibitors. As recent results showed that the amphipathic
helix is sufficient to exhibit the observed IFITM restriction, it might be possible to
generate small peptide drugs that base on the structure of the IFITM amphipathic helix,
similar to amphiphilic thiazolidine derivatives (165, 166) and rigid amphipathic fusion
inhibitors (167, 168). For that, future studies must focus on the question how viruses
evade the IFITM function, in order to design potential mimics in a way that avoidance

is counteracted.
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7 Appendix

7.1 List of Figures

Figure 1: Simplified viral replication cycle

Figure 2: SARS-CoV-2 Spike protein structure and particle entry
Figure 3: Viral Membrane fusion

Figure 4: Schematic representation of the proposed model of SARS-CoV-2 Spike-
mediated membrane fusion

Figure 5: Schematic representation of the proposed model of herpesviral gB-
mediated fusion

Figure 6: IFITM domain structure and proposed models for IFITM function

7.2 List of Abbreviations

AbDbreviatio AbDbreviatio
6HB six alpha-helices L leucine
A alanine Lassa virus LASV
ACE2 angiotensin-converting | M methionine
enzyme 2
AH amphipathic helix MBCD methyl-beta-
cyclodextrin
approx. approxiamtely MCD multicentric Castleman
disease
ATP Adenosine MERS-CoV Middle East
triphosphate Respiratory Syndrome
coronavirus
C cysteine MLV Murine leukemia virus
C-terminal carboxy terminal MMPs matrix-
metalloproteases
Ca Calcium MPR membrane proximal
region
CH central helix N asparagine
CIL conserved intracellular | N-terminal amino terminus
loop
COVID-19 coronavirus disease NH4CI Ammonium Chloride
2019
CoVs coronaviruses nm nanometer
CTD cytoplasmic tail NTD N-terminal domain
domain
D Domain ORF Open reading frame
D aspartic acid P proline




Appendix

DC-SIGN Dendritic Cell-Specific | PEL primary effusion
Intercellular lymphoma
adhesion molecule-3-

Grabbing Nonintegrin

DENV Dengue virus Pl phosphatidylserine

Deoxyribonucleic acid | DNA Q glutamine

E glutamic acid R arginine

EBOV Ebola virus RBD receptor binding

domain

EBV Epstein-Barr virus Ribonucleic acid RNA

EIPA 5-(N-Ethyl-N- RRV rhesus monkey
isopropyl)amiloride rhadinovirus

EphA2 Ephrin type-A receptor | RSV respiratory syncytial
2 virus

et al. et alii S Spike

F phenylalanine S serine

FP fusion peptide S1 Subunit 1

g glycoproteins S2 Subunit 2
glycine SARS-CoV severe acute

respiratory syndrome
coronavirus

H histidine SARS-CoV-2 severe acute

respiratory syndrome
coronavirus 2

HA hemagglutinin SD3 subdomain 3

hACE2 human angiotensin- small interfering RNA | siRNA
converting enzyme 2

HCMV Human T threonine
Cytomegalovirus

HD hydrophobic domain ™ transmembrane

domain

HFF Human Foreskin TMEM16F Transmembrane
Fibroblast protein 16F

HIV human TMPRSS2 transmembrane
immunodeficiency protease serine
virus subtype 2

HMVEC-d Human dermal UH upstream helices
microvascular
endothelial cell

HR1 heptad repeat regions | USA United States of
1 America

HR2 heptad repeat regions | V valine
2

HSPG heparan sulfate VAPA Vesicle-membrane-
proteoglycan protein-associated

protein

HSV-1 Herpes simplex virus 1 | vIL6 viral interleukin-6

HUVEC Human Umbilical Vein | VIRF viral Interferon
Endothelial Cells regulatory factors

I isoleucine W tryptophan

IAV influenza A virus WNV West Nile Virus

IFITM1 Interferon-inducible wit wild type

transmembrane
protein 1
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IFITM10 Interferon-inducible Y tyrosine
transmembrane
protein 10
IFITM2 Interferon-inducible ZMPSTE?24 Zinc Metallopeptidase
transmembrane STE24
protein 2
IFITM3 Interferon-inducible
transmembrane
protein 3
IFITM5 Interferon-inducible
transmembrane
protein 5
IFITMs Interferon-inducible
transmembrane
proteins
IFN Interferon
IL-6 interleukin-6
IRFs Interferon regulatory
factors
JSRV Jaagsiekte sheep
retrovirus
K lysine
kb Kilobases
KS Kaposi’'s sarcoma
KSHV Kaposi’'s sarcoma
herpesvirus
L linker domain
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