GEORG-AUGUST-UNIVERSITAT f)
GOTTINGEN O Deutsches Primatenzentrum
DPZ

Leibniz-Institut fir Primatenforschung

Characterization of host cell factors used by
emerging coronaviruses for entry into target cells

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

Hannah Laura Kleine-Weber

Ostercappeln, Germany

Gottingen 2020



Thesis Committee

Prof. Dr. Stefan Pohlmann

Infection Biology Unit, German Primate Center

Prof. Dr. Uwe Grol3
Department of Medical Microbiology, Institute for Medical Microbiology, University

Medical Center Goéttingen

Dr. Marcel Miiller

Institute for Virology, Charité- University Medicine Berlin, Berlin

Members of the Examination Board
Referee: Prof. Dr. Stefan Pohlmann

Infection Biology Unit, German Primate Center

2"! Referee: Prof. Dr. Uwe GroR
Department of Medical Microbiology, Institute for Medical Microbiology, University

Medical Center Goéttingen

Further members of the Examination Board
Dr. Marcel Miller

Institute for Virology, Charité - University Medicine Berlin, Berlin

Prof. Dr. Lutz Walter

Department of Primate Genetics, German Primate Center

Dr. Alexander Hahn

Junior Research Group Herpesviruses, German Primate Center

Prof. Dr. Rudiger Behr

Platform Degenerative Diseases, German Primate Center

Date of oral examination: 14.07.2020



Index

Index
1. ADSTFACT ... 1
2. ZUSAmMMENTASSUNG ......ccoiiiiiiiie e e e e e e e e e e e e e e e e e e as 2
3. INErOAUCHION......eieiii e nnne 4
3.1, Biology and repliCation ..........coooooo oo 6
3.1.1. MERS biology and classification ..............cccccceiiiiiiiie 6
3.1.2. MERS replication CYCle ... 8
3.2, MERS-COV ZOONOSIS. . .ciii i 12
3.2.1. Incubation period and SymptoOms ..........cooeuiiiiiiiiniiiee e 13
3.2.2. Korea outbreak ... 14
3.3.  Structural proteins of MERS-COV ..o 15

3.3.1. The MERS-CoV spike protein: Domain organization and entry reaction17
3.3.2. Crystal structure of MERS-S...........coooiiii e 19
3.4. MERS-S protein interaction With DPP4 .............ooviiiiiiieeieeeeeeeeeeeee 20

3.4.1. Biological function of host cell factors required for MERS-CoV entry.... 21

3.4.1.1. Dipeptidyl-peptidase 4 (DPP4) .........ooomiiiiiiiiieeeecceee e 21
3.4.1.2. SIAliC @CIAS ...eeviiiiiiiiiieieee e 23
3.4.2. Hostcell proteases .......ccoouueiiiiiie e 23
3.4.2.1. Proprotein Convertases (PPC) ... 24
3.4.2.2. Type Il transmembrane serine proteases..........cccccceeeeieeeeeeeeeeennnnn. 25
3.4.2.3. Cysteine cathepSiNS ..........uuiiiiiiiiiiiiiiiiiiiiii e 27

3.5. The novel emerging Coronavirus - SARS-COV-2 ........coooiiiiiiiiiiiiiiiieeenn. 28
3.6. Animal models and therapeutic targets ... 29
AAIIIS ettt e e nnn e e 31

| F= TaTU S o] o) PSRN 32
5.1, First ManUSCIIPt.......u i 32
5.2, Second ManUSCIIPL......ccouuiiiieiii e e e e e e eeaaas 44
5.3.  Third ManuUSCHIPL.........ooi e 59



5.4.  Fourth manuSCriPt ..o 65
5.5, Fifth manusCript......coooe e 81
5.6.  SiXth ManUSCIIPL....cooieeee e 101

DS O US S ON .t e e e e e e 114

6.1. Functional characterization of host cell factors required for cellular entry
driven by the S protein of MERS-COV........cooiiiiiiiiicee e 115

6.1.1. Analysis of molecular requirements for S protein priming revels cell type

specific priming strategies for MERS-S ... 115

6.1.2. Natural sequence variations in the S protein of MERS-CoV isolates or
the cellular receptor DPP4 affect viral entry and viral resistance against

antibody-mediated neutralization................cccoeiiiiie e, 118

6.1.3. S proteins of MERS-CoV isolates that were recently found in dromedary

camels in Africa enable efficient viral entry into human cells........................... 121

6.2. Identification of ACE2, furin and TMPRSS2 as host cell factors required for
cellular entry of SARS-COV-2.......oooii 123

6.3. Inhibition of S protein priming by the cellular protease TMPRSS2 provides a

strategy for antiviral therapy ..o 124
6.4. ConcCluding rE€MArKS .......cccceiiiiiiiiiie et e e e e e e e e e eeeeaanans 126

OULIOOK ...t e e e e as 127

REFEIENCES ... 129

Y o] 011 o Lo [ PSRRI 1
9.1, LisSt Of FIQUIES.. ..o e 11
9.2, LISt Of TabIES ... Il
9.3.  List of ABDreviations .........ccoooii 1]
9.4, AcCKNOWIEAGEMENT ... .. VIl
9.5. List of publications...........coooi oo IX
9.6. Conference partiCipations............ouuuiuiiiiii e XI



Abstract

1. Abstract

Human coronaviruses (HCoV) mainly cause common cold-like symptoms. However,
in the last two decades the emerging coronaviruses the severe acute respiratory
syndrome coronavirus (SARS-CoV) (in 2002), Middle East respiratory syndrome
coronavirus (MERS-CoV) (in 2014) and SARS-CoV-2 (in 2019) were introduced into
the human population from animal reservoirs and were found to cause severe
disease. Novel antiviral strategies are required to combat these viruses particularly
the pandemic SARS-CoV-2, the causative agent of coronavirus disease 2019
(COVID-19). Coronaviruses harbor a spike glycoprotein (S) in their envelope, which
is responsible for host cell entry. Entry depends on S protein interactions with cellular
receptors and on S protein activation by host cell proteases. The goal of this thesis
was to identify these interaction partners and to characterize these interactions on
the molecular level, with the ultimate goal to identify targets for antiviral intervention.
The thesis work revealed that MERS-CoV and SARS-CoV-2 S proteins depend on
furin-mediated cleavage at the so called S1/S2 site for subsequent S protein
cleavage at the S2’ site, which results in S protein activation for entry into human
lung cells. Moreover, the results of this thesis show that polymorphisms in the S
protein of MERS-CoV can protect the virus against antibody mediated neutralization
and that polymorphisms in the viral receptor dipeptidyl peptidase 4 (DPP4), modulate
entry efficiency. Finally, it was uncovered that SARS-CoV-2, like SARS-CoV,
employs angiotensin-converting enzyme 2 (ACE2) and the transmembrane serine
protease subtype 2 (TMPRSS2) for entry into lung cells and evidence was provided
that the clinically proven TMPRSS2 inhibitor camostat mesylate could be used for
COVID-19 treatment. In sum, the study provided key insights into host cell entry of

MERS-CoV and SARS-CoV-2 and defined TMPRSS2 as target for intervention.
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2. Zusammenfassung
Humane Coronaviren (HCoV) flhren in den meisten Fallen zu Erkaltungen.
Allerdings sind in den letzten zwei Jahrzenten neuartige Coronaviren, severe acute
respiratory syndrome coronavirus (SARS-CoV) (2002), Middle East respiratory
syndrome coronavirus (MERS-CoV) (2014) and SARS-CoV-2 (2019) von Tieren auf
den Menschen ubergesprungen und verursachen schwere Erkrankungen. Um diese
Viren, besonders das pandemische SARS-CoV-2 und die daraus resultierende
Krankheit coronavirus disease 2019 (COVID-19) zu bekampfen werden neue
antivirale Strategien bendtigt. Coronaviren tragen auf ihrer Hulle ein Spike (S)
Glykoprotein, welches fur den zellularen Eintritt verantwortlich ist. Der Eintritt beruht
auf der Interaktion des S Proteins mit dem zellularen Rezeptor und der Aktivierung
des S Proteins durch Wirtszellproteasen. Das Ziel dieser Arbeit war es diese
Interaktionspartner zu identifizieren und die Interaktion auf einem molekularen Level
zu charakterisieren, um neue Targets fur antivirale Strategien zu finden. Diese Arbeit
hat ergeben, dass MERS-CoV und SARS-CoV-2 S Proteine fur die Spaltung an der
S2' Schnittstelle, zunachst auf die Furin-vermittelte Spaltung an der S1/S2
Schnittstelle angewiesen sind. Dies flhrt zu der Aktivierung der S Proteine fur den
Eintritt in humane Lungenzellen. Des Weiteren konnte in dieser Arbeit gezeigt
werden, dass Polymorphismen in dem S Protein von MERS-CoV das Virus vor
Antikérper-vermittelter Neutralisation schutzen und dass Polymorphismen in dem
viralen Rezeptor Dipeptidyl-pepdiase 4 (DPP4) die Eintrittseffizienz verandern. Zum
Schluss wurde entdeckt, dass SARS-CoV-2, wie SARS-CoV, Angiotensin-
konvertierendes Enzyme 2 (angiotensin-converrting enzyme 2 (ACE2)) und die
Transmembrane Serine Protease Subtype 2 (TMPRSS2) fur den Eintritt in humane
Lungenzellen bendtigt. Darlber hinaus wurde der Nachweis erbracht, dass der

klinisch geprufte TMPRSS2 Inhibitor Camostat mesylate flir die Behandlung von
2
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COVID-19 Patienten verwendet werden kann. Zusammengefasst liefert diese Arbeit
wichtige Ergebnisse bezlglich des zellularen Eintritts von MERS-CoV und SARS-

CoV-2 und definiert TMPRSS2 als Ziel fur antivirale Interventionen.
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3. Introduction
Coronaviruses (family Coronaviridae) are enveloped viruses of animals and humans
that, depending on the virus and host species, can cause mild to severe diseases. In
total seven human coronaviruses (HCoV) have been identified so far, HCoV-NL63
(Fouchier et al., 2004; Van Der Hoek et al., 2004) and HCoV-229E (Hamre and
Procknow, 1962), which belong to the Alphacoronavirus genus and HCoV-OC43
(McIntosh et al., 1967), HCoV-HKU1 (Woo et al., 2005), severe acute respiratory
syndrome coronavirus (SARS-CoV) (Drosten et al., 2003; Peiris et al., 2003), SARS-
CoV-2 (Gorbalenya et al., 2020; Wang et al., 2020; Zhu et al., 2020) and Middle East
respiratory syndrome coronavirus (MERS-CoV) (Zaki et al., 2012), which belong to
Betacoronavirus genus. HCoV-229E, OC43, HKU-1 and NLG63 circulate worldwide
and cause the common cold. Before 2002, HCoV were believed to only cause mild,
common cold-like disease in otherwise healthy adults but this perception changed. In
2002 an outbreak and subsequent epidemic spread of a novel lung disease, severe
acute respiratory syndrome (SARS), occurred in China. SARS was caused by SARS-
CoV, which was transmitted from civet cats to humans (Drosten et al., 2003; Peiris et
al., 2003; De Wit et al., 2016).SARS-CoV infections were reported until May 2004
(WHO, 2004). Roughly ten years later, the emergence of a new lung disease, Middle
East respiratory syndrome (MERS) caused by another novel coronavirus was
observed in the Middle East in 2012. The causative agent MERS-CoV was first
detected in the Kingdom of Saudi Arabia (KSA) and is transmitted from dromedary
camels to humans (Zaki et al., 2012; Mohd, Al-Tawfigq and Memish, 2016).
Coronaviruses can also be found in livestock and companion as well as wild animals.
In livestock and companion animals different coronaviruses have been identified,
which affected animal health and thus can lead to economic losses due to reduced

productivity of livestock: Transmissible gastroenteritis virus (TGEV) and porcine
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epidemic diarrhea virus (PEDV) in pigs, bovine coronavirus (BCoV) in cattle;
infectious bronchitis virus (IBV) in poultry and feline enteric coronavirus (FCoV) which
can mutate and become the highly virulent variant feline infectious peritonitis virus
(FIPV) (Fehr and Perlman, 2015). In case of MERS-CoV, dromedary camels and
bats are the most relevant animal species harboring coronaviruses. Dromedaries
were, as mentioned before identified as the natural reservoir of MERS-CoV and
represent the main source of human infections (Azhar et al., 2014; Reusken et al.,
2016; Alshukairi et al., 2018; Conzade et al., 2018). In bats, several coronaviruses
were identified e.g. BatCoV-HKU4 and BatCoV-HKUS5, which belong to the lineage C
of the genus Betacoronavirus and are closely related to MERS-CoV. (Woo et al.,
2012; Lau et al., 2013). As of May,13", the pandemic SARS-CoV-2 has infected over
four million people worldwide and more than 280,000 deaths can be attributed to the
associated severe respiratory illness coronavirus disease 2019 (COVID-19) (WHO,
2020). One factor important for the pandemic potential of SARS-CoV-2 is the high
transmissibility between humans (Shereen et al., 2020). In comparison to SARS-
CoV-2 human-to-human transmission of SARS-CoV and MERS-CoV is less efficient.
Nevertheless, MERS-CoV has been introduced into 27 countries via air travel, led to
large hospital outbreaks (e.g. in 2015 in the Republic of Korea) and new cases are
constantly emerging in the Middle East (Anderson et al., 2004; Memish et al., 2013;
Drosten et al., 2014; Ki, 2015; Mackay and Arden, 2015). Dromedary camels were
identified as the natural reservoir of MERS-CoV. The prevalence in dromedary
camels in the Middle East and in Africa is around 90 % (Reusken et al., 2013, 2014;
Alagaili et al., 2014; Alexandersen et al., 2014; Chu et al., 2014; Memish, Cotten,
Meyer, et al., 2014). MERS-CoV belongs to the lineage C of the genus
Betacoronavirus, and MERS-CoV isolates can be further classified into two major

clades, A and B (Lau et al., 2017). Clade A contains a total of five virus strains,
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including the first isolate of MERS-CoV (human betacoronavirus 2c EMC/2012) (Lau
et al., 2017). Clade B includes most MERS-CoV strains including those isolated
during the outbreak in the Republic of Korea in 2015 (Lau et al., 2017). Furthermore,
MERS-CoV isolates found in Africa form into a separate group, clade C (D. Chu et
al., 2018). In order to group MERS-CoV strains into the different clades the amino
acid (aa) residues at position 1020 in the viral spike glycoprotein is of importance.
While for clade A MERS-CoV this position contains a glutamine (Q1020),clade B

MERS-CoV harbor an arginine residue (R1020) (Lau et al., 2017).

3.1. Biology and replication

3.1.1. MERS biology and classification
Coronaviruses are positive single stranded (+ss) RNA viruses and belong to the
family Coronaviridae. Together with Arteriviridae, and Roniviridae they form the order
Nidovirales. Furthermore, the family Coronaviridae can be divided in the two
subfamilies Coronavirinae and Torovirinae, and among the subfamily Coronavirinae
four genera, Alpha-, Beta-, Gamma- and Deltacoronavirus were defined (Gorbalenya
et al., 2006; de Groot et al., 2012). Alpha- and betacoronaviruses primarily infect
mammals, while gamma- and deltacoronaviruses mainly infect birds (Nakagawa,
Lokugamage and Makino, 2016). Coronaviruses in general cause mild lower
respiratory tract infections and gastrointestinal symptoms (Gorbalenya et al., 2006;
Van Der Hoek, 2007). The zoonotic human coronaviruses, SARS-CoV, MERS-CoV
and SARS-CoV-2, belong to the group Betacoronavirus, which is divided into the
different lineages A, B and C. MERS-CoV belongs to lineage C and can be further
classified into different clades (Lau et al., 2013, 2017), while SARS-CoV and SARS-

CoV-2 belong to lineage B (Cascella et al., 2020).
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The coronavirus virion has a spherical shape and a diameter of 120-160nm. In
electron microscopy, all virions show 20nm long club-shaped projection from the
outer envelope, which are representing spike (S) protein trimers. Those projections
resemble a “crown” (lat. Corona), which is the origin for the virus name. All members
of the family Coronaviridae harbor the membrane glycoprotein (M), the envelope (E)
glycoprotein and the S protein, which share similarities in size and structure, thereby
giving evidence of a common ancestor. Especially the S protein has a domain
organization: signal peptide (SP), receptor binding domain (RBD), fusion peptide
(FP), heptad repeats 1 and 2 (HR1 und HR2) and the transmembrane domain (TD).
Moreover, the betacoronaviruses of the lineage A harbor a membrane anchored
hemagglutinin-esterase (HE) (Gorbalenya et al., 2006; Bakkers et al., 2017). The
positive +ss RNA genome of coronaviruses is associated with the viral nucleoprotein
(N) and contained inside the virion as a helical nucleocapsid with 9-11nm in
diameter. The genome is non-segmented, capped at the 5-end and harbors a
polyadenylated 3’-end. Coronaviruses have the largest genome of all RNA viruses
with a size of 27-32 kb and ten open reading frames (ORF). MERS-CoV and SARS-
CoV-2 have 30119 and 29891 nucleotide large genomes, respectively. The ORF1a
and ORF1b encode for two thirds of the viral genome and include 16 non-structural
proteins (nsp), which are required for synthesis of viral proteins and viral genome
replication. The remaining nine ORFs encode for the structural proteins (S, M, E, N)
and for further nsps, 3, 4a, 4b, 5 8b with largely unknown function (Almazan et al.,
2013; Boheemen, Graaf and Lauber, 2013; Scobey et al., 2013; Cascella et al.,

2020).
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3.1.2. MERS replication cycle
The MERS-CoV replication cycle starts with the binding of the virus to the surface of
the host cell. Binding is mediated by the S protein, which interacts with the cellular
receptor dipeptidyl peptidase 4 (DPP4) via its receptor binding domain (RBD). After
receptor binding the S protein fuses the viral membrane with a target cell membrane
allowing delivery of the viral genome into the host cell. Membrane fusion requires
cleavage of the S protein by host cell proteases, which activates the S protein, as
discussed in detail later (Taguchi et al., 1995; Fehr and Perlman, 2015). The
translation of the replicase proteins, based on the viral RNA, is the next step of the
replication cycle. The replicase proteins are encoded by the two large ORFs, ORF1a
and ORF1b, which encode for two polyproteins, pp1a and pp1b, respectively. These
polyproteins are cleaved into individual nsps by a virus encoded protease (Brierley,
Digard and Inglis, 1989; Ziebuhr, Snijder and Gorbalenya, 2000; Sawicki, Sawicki
and Siddell, 2007). MERS-CoV, like other coronaviruses, expresses two cysteine
proteases (papain-like proteases (PLpros) and the main protease (Mpro)), which are
necessary for expression of mature viral proteins and viral pathogenesis (Malik and
Alsenaidy, 2017). The PLpros cleaves nsp1/2, nsp2/3 and nsp3/4, while the other
boundaries are cleaved by Mpro. The suitable environment for RNA synthesis,
including the RNA replication and transcription of sub-genomic RNAs, is provided by
the assembly of nsps into the replicase-transcriptase complex. Besides its function to
form the replicase-transcriptase complex the nsps contain other enzymatic functions
important for RNA replication (Fehr and Periman, 2015). The synthesis produces
genomic and sub-genomic RNAs, where the sub-genomic RNAs serve as messenger
RNAs (mRNA) for the structural and accessory genes (Sethna, Hofmann and Brian,
1991). This is followed by the translation of the structural proteins (S, E and M) and

there insertion into the endoplasmatic reticulum (ER). The structural proteins move
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along the secretory pathway into the ER-Golgi-intermediate compartment (ERGIC).
At the ERGIC the viral genomes are encapsidated by N and virions bud into the
ERGIC membrane where mature virions are produced. The virions are transported to
the cell membrane and released by exocytosis (de Haan and Rottier, 2005; Durai et

al., 2015a; Fehr and Perlman, 2015; Zumla et al., 2015).
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Table 1: Function of coronavirus non-structural proteins (nsp).

The table shows the indicated coronavirus nsps with their known function. The table has been adapted

from (Fehr and Perliman, 2015)

Non-structural Protein (nsp)

Function

nsp1
nsp2

nsp3

nsp4
nsp5
nsp6

nsp7
nsp8
nsp9

nsp10

nsp11

nsp12

nsp13

nsp14

nsp15

nsp16

blocks host innate immune response
unknown
interacts with N Protein, promotes
cytokine expression, cleaves viral
polyproteins and blocks host innate
immune response
potential transmembrane scaffold
protein
encodes for the main protease (Mpro)
potential transmembrane scaffold
protein
forms hexadecameric complex with nsp8
forms hexadecameric complex with nsp7
RNA binding protein
cofactor for nsp16 and nsp14, forms
heterodimer with both and stimulates
exoribonuclease (ExoN) and 2-O-MT
activity
unknown
encodes the RNA-dependent RNA
polymerase (RdRp) domain
encodes the RNA helicase domain and
RNA 5'-triphosphatase activity
encodes the ExoN involved in replication
fidelity and N7-methyltransferase activity
encodes endoribonuclease (NendoU)
activity
encodes 2'-O- methyltransferase activity

blocking immune response

10
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Figure 1: MERS-CoV replication cycle.
1) The viral spike (S) protein binds to the host cell receptor dipeptidyl peptidase 4 (DPP4) which, leads

to the release of the viral RNA into the cellular cytoplasm. 2) The two large open reading frames
(ORF), ORF1a, ORF1b are translated into the polyproteins pp1a and pp1ab, respectively, which are
cleaved by the virus encoded proteases (papain-like protease (PLpro)) into non-structural proteins
(nsps). 3) The proteins necessary for replication accumulate in double membrane vesicles (DMV)
derived from the endoplasmic reticulum (ER). 4) During RNA synthesis discontinued subgenomic RNA
and full-length RNA for replication are synthesized. 5) The newly synthesized RNA is encapsidated in
the nucleoprotein (N) in the cytosol, transported to the ER-Golgi intermediate compartment (ERGIC)
for assembly. The S, membrane (M) and envelope (E) proteins are inserted into the membrane of the
ER and transported to the ERGIC where progeny virions are assembled. 6) Vesicles containing virions
are transported to the plasma membrane and released by exocytosis. 7) During viral replication
double-stranded (ds) RNAs are generated. The 4a competes with the retinoic acid-inducible gene |
(RIG-I) to bind the dsRNA and evades the host immune response. The figure is adapted from (Durai et

al., 2015b).
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3.2. MERS-CoV zoonosis

MERS-CoV is zoonotically transmitted to humans (Zaki et al., 2012). Dromedary
camels have been identified as natural reservoir of MERS-CoV. The seroprevalence
between dromedary camels is around 90%, including camels in the Middle East and
Africa (Sikkema et al., 2019). However human cases are only reported from the
Middle East. It is unclear why the virus was able to cross the species barrier in the
Middle East but not in Africa (Reusken et al., 2013, 2014; Alexandersen et al., 2014,
Chu et al., 2014; Memish, Cotten, Meyer, et al., 2014; Meyer et al., 2014; Muller et
al., 2014; Mohd, Al-Tawfig and Memish, 2016).

Primary transmission of MERS-CoV between dromedaries and humans occurs via
close contact or consumption of row camel meat (Muller et al., 2015). Most cases of
human-to-human transmission are detected in hospitals between the index person
and its relatives or the medical staff. Several major hospital outbreaks of MERS have
been reported, including a hospital outbreak in the Republic of Korea in 2015, which
involved 186 causes and 36 deaths and was caused by a single infected person who
traveled from the Middle East to the Republic of Korea (Khan et al., 2015; Ki, 2015).
MERS-CoV infections have been detected in 27 different countries. MERS-CoV
infections are detected in many countries in the Arabian Peninsula but were also
detected in Europe or the USA. The introduction in other countries outside the

Arabian Peninsula is mainly possible due to air travel.
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3.2.1. Incubation period and symptoms
Normally HCoV cause mild, common cold like respiratory symptoms. Typical
symptoms of MERS-CoV infection are coughing, shortness of breath often
associated with non-specific signs like fatigue, myalgia fever, and headache
Furthermore, MERS-CoV infections can also be associated with gastrointestinal
symptoms like vomiting and diarrhea. In severe cases, MERS-CoV infection leads to
atypical pneumonia, renal failure or multiorgan failure. The median incubation period
of MERS is roughly five days (Bermingham et al., 2012; Guery et al., 2013; Omrani et
al., 2013; Memish, Cotten, Watson, et al., 2014; Rabeeah et al., 2014; Tsiodras et
al., 2014; Zhou et al., 2017). Moreover different studies have shown that females and
males are equally affected and MERS patients can be found at all ages. Severe
cases of MERS-CoV infections might be detected in patients with comorbidities:
hypertension, diabetes mellitus, renal or cardiovascular disease, obesity, smoking,
lung disease like cystic fibrosis and asthma or patients with immunosuppression
(Guery et al., 2013; Al-Tawfig and Memish, 2014; Memish, Cotten, Watson, et al.,

2014; Rabeeah et al., 2014; Oboha et al., 2017).

13
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3.2.2. Korea outbreak
The pandemic potential of MERS-CoV is highlighted by several major hospital
outbreaks. The outbreak in the Republic of Korea in 2015 was the largest hospital
outbreak. The outbreak was caused by one single infected person (68-year old man),
who traveled from the Middle East to the Republic of Korea (Khan et al., 2015). The
outbreak involved three cycles of human-to-human transmission and was due to
insufficient safety measurement, travel of patients between hospitals and crowed
patients rooms (Choi, 2015; Khan et al., 2015; Ki, 2015; Lee and Wong, 2015;
Mizumoto et al., 2015). Further spread of the virus was prevented by isolation of
patients with unknown respiratory disease, visitation routines and improvement of
hygiene routines in public hospital, e.g. disinfection and hand-washing (Khan et al.,
2015; Jeon and Kim, 2016). Notably, the MERS outbreak in Korea encompassed
transmission of viral variants with mutations in the S protein that reduced
neutralization of virus by antibodies, providing evidence that the virus can evolve to

evade immune control in humans.
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3.3. Structural proteins of MERS-CoV
MERS-CoV particles contain four structural proteins, which have different functions:
E, M, N and S (de Haan and Rottier, 2005) (Figure 2A). E is encoded by all
coronaviruses but only few copies of the protein are incorporated into the viral
envelope (Kuo and Masters, 2003). A deletion of the E protein can lead to a blockade
of virus maturation, decreasing virus release and spread (Fischer et al., 1998; Wilson
et al., 2004). The E protein belongs to the group of viroporins. Viroporins form ion
channels in the virion envelope and thereby modify membrane permeability.
Furthermore, the E protein can affect the release of progeny virions from infected
cells by modifying the plasma membrane (Gonzalez and Carrasco, 2003). The E
protein of MERS-CoV is involved in ion channel activity as virulence factor and
thereby could be a potential drug target (Yang et al., 2013). The M protein is also
incorporated into the viral envelope protein and controls most protein-protein
interactions required for assembly of coronaviruses. In case of MERS-CoV, M was
hypothesized to be an interferon (IFN) antagonist (Yang et al., 2013). The N-terminus
of the M protein is located outside of the particle whereas the C-termini is directed to
the virus interior (Escors, Camafeita, et al., 2001; Escors, Ortego, et al., 2001). The N
protein is associated with the viral genome to form the nucleocapsid and can
modulate sub-genomic RNA synthesis and genome replication (Almazan, Galan and
Enjuanes, 2004; Schelle et al., 2005). The MERS-CoV N protein was shown to
suppress the type | and type Il IFN (Chang et al., 2020). As in all coronavirus, the
trimers of the viral S protein are inserted into the viral membrane and facilitate entry

into target cells, as described in detail (Lu et al., 2013; Wang et al., 2013; Li, 2015).
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Figure 2: Schematic MERS-CoV particle.

MERS-CoV particles include the four structural
proteins: trimeric Spike (S) protein (blue),
membrane (M) protein (orange), envelope (E)
protein (purple), the nucleocapsid (N) (red) and

the RNA (gray) are labeled (Xu et al., 2019).
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3.3.1. The MERS-CoV spike protein: Domain organization and entry reaction
The MERS-CoV-S protein (MERS-S) mediates viral entry into target cells. For this,
the S protein binds to its host cell receptor, DPP4, and fuses the viral membrane with
the cellular membrane. Receptor binding and membrane fusion are mediated by
different subunits of MERS-S. The subunit 1 (S1) contains the RBD, which binds to
DPP4, while the transmembrane subunit 2 (S2) harbors the functional elements
required for membrane fusion (Drosten et al., 2003; Gao et al., 2013; Raj et al., 2013;
Wang et al.,, 2013; Lu et al.,, 2014). The RBD harbors the receptor binding motif
(RBM) that directly contacts DPP4, and a core subdomain. The RBD spans from aa
367 to 606, the RBM itself from aa 484 to 567. The core subdomain of the RBD is
composed of a five stranded antiparallel betasheet and several connecting alpha
helices, stabilized by sulfate bonds. The RBM is divided into a four-stranded
antiparallel betasheet connected via intervening loops (Chen et al., 2013; Lu et al.,
2013; Wang et al., 2013). The S2 subunit contains HR1 and HR2, the FP and the TD
(Figure 4A), functional elements that are also found in glycoproteins of other viruses
that all mediate membrane fusion in a similar fashion and are termed class |
membrane fusions. Membrane fusion commences with insertion of the MERS-S
fusion peptide into the target cell membrane. Next, the HR1 and HR2 fold back onto
each other and from a six-helix-bundle (6HB), thereby bringing the viral and host cell
membrane in close proximity for the following membrane fusion (Figure 4B) (Gao et
al., 2013; Lu et al., 2014). Finally, MERS-S-driven host cell entry critically depends
on S protein cleavage between the S1 and S2 subunits, termed S1/S2 and a
cleavage site located directly upstream of the fusion peptide (S2’) (Figure 4A) and
both sites need to be cleavage for entry, as discussed below (Gierer et al., 2013;
Qian, Dominguez and Holmes, 2013; Shirato, Kawase and Matsuyama, 2013; Millet

and Whittaker, 2014).
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(A) MERS-S

s1/s2 ECP 82
wt 746 TPRSVRSV 753 761 SIAFNHPI 768 882 GSRSARSA 889
wviral Membrane Fused Membrane

1 2 3 4
RBD binds conformational six helix Membrane
the host cell change bundel [HE) Fuison
receptor DPP4 is formed

Figure 3: Spike protein structure.

(A) The MERS-CoV-S (MERS-S) contains a surface subunit (S1) and a transmembrane subunit
(S2).The S1 subunit harbor the signal peptide (SP) and the receptor binding domain (RBD), which
directly interacts with the host cell receptor DPP4. The S2 subunit harbors the fusion peptide (FP), the
heptad repeat 1 (HR1) and 2 (HR2), the transmembrane domain (TM) and the cytoplasmic tail (CT).
MERS-S harbors three cleavage sites for host cell proteases: The S1/S2 cleavage site is located at
the border of the S1 and the S2 subunit, the S2’ cleavage site is located directly upstream of the FP
and a cathepsin B/L cleavage site (ECP, endosomal cathepsin proteases) is proposed to be located
between the S1/S2 and S2’ site. (B) Membrane fusion driven by MERS-S. The binding of the S protein
to the host cell receptor DPP4 triggers a conformational change, resulting in the formation of a pre-
hairpin intermediate structure, in which the fusion peptide (red) is introduced into the target cell
membrane. The pre-hairpin intermediate folds into stabilized trimer of hairpins, called the six helix
bundle structure (6HB). This leads to the close proximity of the target cell membrane and the viral
envelope and thereby to membrane fusion. The figure is adapted from (Kleine-Weber et al., 2018; Xu
et al., 2019)
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3.3.2. Crystal structure of MERS-S
Single particle cryo-electron microscopy was used to resolve the crystal structure of
MERS-S trimers. Two different conformations were detected regarding the RBD,
which can either be “standing” or “laying” (Yuan et al., 2017). Trimers of MERS-S
with one or two out of three RBDs in a standing position were observed. It was
hypothesized that the conformational state with all three RBDs in a standing position
was not detected due to easy dissociation of the S1 trimer form the S2 component
(Yuan et al., 2017). Apart from the flexible RBDs the rest of the trimeric structure
remained stable. The S1 subunit includes the N-terminal domain (NTD) and two
additional domains which form the base of a hairpin structure with the RBD/NTD ring
complex on top (Yuan et al., 2017). The NTD harbors the binding site for cellular
glycans e.g. sialic acids (Li et al., 2017). The dynamic characters of the RBDs
enables the interaction with the host cell receptor as it is only exposed during the
“standing” state while in the “laying” state the residues are buried inside the trimer. It
was hypothesized that the dimeric DPP4 may cross-link two trimeric S proteins by

binding two standing RBDs from different trimers S proteins (Yuan et al., 2017).

Side view
Top view

Figure 4: Spike protein crystal structure.
The crystal structure of the trimeric spike protein in a side view and a top view is shown. The residues
of the receptor binding domain (RBD) are colored in red. The protein model was constructed on the

published crystal structure (5X59) deposited in RSCB PDB.
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3.4. MERS-S protein interaction with DPP4
The viral S-driven host cell entry relies as mentioned before on the binding of the S
protein with the host cell receptor DPP4. The interface of these proteins is known. 15
amino acid residues in DPP4 bind to 14 amino acid residues in MERS-S (Raj et al.,

2013; Wang et al., 2013).

K502

E513

R511 R511

Figure 5: Polymorphic amino acid residues in DPP4 at the binding interface with MERS-S.

In the DPP4 close-up all interacting residues are labeled with possible polymorphisms and the
interacting MERS-S residue. The non-polymorphic sides are marked in blue. The polymorphic
residues are labeled and marked in green. The protein model was constructed on the published

crystal structure (4PV7) deposited in RSCB PDB.
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3.4.1. Biological function of host cell factors required for MERS-CoV entry
3.4.1.1. Dipeptidyl-peptidase 4 (DPP4)

The host cell receptor needed for the S protein driven host cell entry is DPP4
(DPPIV, CD26, also known as adenosine deaminase binding protein). It was
originally described in 1966 by Hopsu-Havu and Glenner (Hopsu-Havu and Glenner,
1966; Hopsu-Havu, Jansén and Jarvinen, 1970; Raj et al., 2013). DPP4 is a serine
protease with the unique ability to cleave a peptide bond. It preferentially cleaves
dipeptides of the free N-terminus when proline or alanine is present. DPP4 is a type |l
membrane protein with various tissue expression, while it is most abundant in kidney
and the small intestine (Darmoul et al., no date; Walter and Post-proline, 1978;
Kettmann, Humbel and Holzhausen, 1992; Tanaka et al., 1992; Zhou et al., 2017). It
was further found at ciliated and non-ciliated cells in the airways but was more often
observed with higher levels in small airways. However, DPP4 was rarely observed in
the epithelial of nasal mucosa, which could influence the infection of the lower
airways by MERS-CoV (Vliegen et al., 2017). Even if DPP4 is classified as a
membrane protein it is also active in its soluble form found in bone marrow,
adipocytes skeletal muscle and vascular smooth muscle cells (Lamers et al., 2011,
Raschke et al., 2013; Rohrborn, Eckel and Sell, 2014; Wang et al., 2014).

The primary structure of DPP4 is composed of a six aa long cytoplasmic tail, 22 aa
transmembrane domain and 738 aa extracellular domain. The extracellular portion
includes a flexible stalk, a glycosylation-rich region, a cysteine-rich region and a
catalytic domain which comprises the catalytic residues Sergzy, Asp7os and Hiszao.
DPP4 is a homodimer and is anchored in the membrane by its signal peptide
(Weihofen et al., 2004; Chung et al., 2010). Each monomer can be divided into two
domains: the eight blade propeller and the alpha/beta-hydrolase. The propeller

domain can be further divided into subdomains which consist of blade Il to V for the
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glycosylation-rich region or VI to VIII for the cysteine-rich region (De Meester et al.,
1999; Lambeir et al., 2003; Gorrell, 2005). The two main regions important for
binding with the S protein are located within blade V and VI. The soluble form of
DPP4 only misses the CT and the TD, so that it is not membrane anchored anymore
but still has all catalytic domains and thereby is still active (Klemann et al., 2016;
Peck et al., 2017).

In general DPP4 is involved in many different physiological processes: the immune
response by T-cell activation with binding to caveolin-1 or adenosine deaminase
(ADA) which both bind to the glycosylation-rich region, the cell adhesion by binding
extracellular matrix molecules like fibronectin which interacts with the cysteine-rich
region, the degradation into and assimilation of proline containing peptides and the
glucose metabolism, by degradation of insulinotropic peptides (Kameoka et al., 1993;
De Meester et al, 1994, 1999; Lambeir et al, 2003; Demuth, Mcintosh and
Pederson, 2005; Gorrell, 2005). DPP4 is important for the body homeostasis for
example Diabetes mellitus can occur depending on the disruption of the glucose
metabolisms. DPP4 cleaves the incretins glucagon-like peptide 1 (GLP1) and the
gastric inhibitory polypeptide (GIP) respectively glucose-dependent insulinotropic
peptide. These enzymes are responsible for the insulin secretion when intact glucose
is present. Both have a half-time of a few minutes and are degraded strictly
depended on DPP4 activity (Pederson et al., 1998; Yasuda et al., 2002; Conarello et
al., 2003; Demuth, Mcintosh and Pederson, 2005). Furthermore diabetes is
comorbidity for MERS-CoV infections as well as obesity, smoking or lung disease like
asthma and cystic fibrosis. It was shown that soluble DPP4 is upregulated in the lung
epithelia of smokers and patients with lung disease which could increase MERS-CoV

infection (Assiri, Al-Tawfiq, et al., 2013; Assiri, McGeer, et al., 2013; Al-Tawfiq et al.,
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2014; Memish, Al-Tawfiq, et al., 2014; Al-abdallat et al., 2016; Meyerholz, Lambertz

and McCray, 2016; Seys et al., 2018).

3.4.1.2. Sialic acids
Sialic acids are monosaccharide’s which are expressed at the surface of all
eukaryotic cells and can cap oligosaccharides on N and O linked glycoprotein’s or
glycolipids (Varki, 2009). Furthermore glycans terminating in sialic acids serve as
class of receptors for many different viruses. Sialic acids can be cleaved from the
glycan sequences on the host cells by neuraminidase which can inhibit viral spread.
A-5-N-acetyl-neuraminic-acid (Neu5Ac) is the most common structure of sialic acids.
It can bind to the hemagglutinin (HA) of influenza virus A and B (Sauter et al., 1992;
Wang et al., 2007; Gamblin and Skehel, 2010; Viswanathan et al., 2010) and the HE
of the BCoV (Zeng et al., 2008). The MERS-S protein provides a dual binding site for
the host cell receptor DPP4 and sialic acids via distinct domains. DPP4 interacts with
the RBM in the S1 subunit and sialoglycans can bind in the first part of the S1 subunit
between aa 18-355. In case of MERS-CoV, the expression of sialoglycans is not
sufficient for host cell entry but they can serve as an attachment receptor and can
increase viral entry in presence of DPP4. Finally, MERS-S is highly selective for the

NeubSAc variant of sialic acids (Li et al., 2017).

3.4.2. Host cell proteases
MERS-S needs to be proteolytic primed by host cell proteases for efficient host cell
entry. Proprotein convertases (PPC), serine proteases or cysteine cathepsins can

activate MERS-S and may cleave it at two distinct sites, S1/S2 or S2'.
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3.4.2.1. Proprotein Convertases (PPC)
PPC are endoproteolytic processing enzymes of the secretory pathway in humans
(Steiner, 1998). In general newly synthesized proteins are inactive precursor proteins
which need to be proteolytically activated. This precursor cleavage can be mediated
by PPC and mainly occurs at a multibasic cleavage site (also known as multibasic
motif): R/IK =Xn-R/K |. The Xn marks an undefined number of any aa. and PPC’s
cleave after the second R/K residue indicated by the arrow (Seidah and Chretien,
1999). In 1989 furin was the first discovered PPC (Fuller, Brake and Thorner, 1989).
It is one of the main proteases necessary for the proteolytic activation of MERS-S.
The cleavage motif of furin is more stringent. The motif: R-X-R/K-R |, starts and ends
with an arginine. In between are only two aa located, one undefined and the second
needs to be an arginine or lysine. However the furin cleavage is further influenced by
other aa in close proximity to the cleavage motif. In general, not all cleavage sites
contain the furin specific cleavage motif and not all sites that include the specific
motif are cleaved by furin due to the further characteristics. Furin has a preference
for basic arginine (R) or lysine (K) residues at P3, P5 and P6. P1’ and P2’ are
characterized by the absence of lysine residues, while P1’ preferentially include aa’s
with polar or negatively charged side chains. All these positions influence the
cleavage (Nakayama, 1997; Henrich et al., 2003). In MERS-S the S1/S2 as well as
the S2’ cleavage site can be processed by furin. In contrast to SARS-CoV, SARS-
CoV-2 harbors a multibasic motif and might proteolytically activated by furin cleavage
(Millet and Whittaker, 2014; Hoffmann, Kleine-Weber, et al., 2020). PPC’s are
involved in a large variety of protein activation like peptide hormones, growth and
differentiation factors, adhesion factors, receptors, extracellular matrix proteins and

exogenous proteins e.g. coat glycoprotein’s of virus particles. It was shown
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previously that furin is able to cleave the glycoprotein of human immunodeficiency

virus 1 (HIV-1) and influence A virus (IAV) (Duckert, Brunak and Blom, 2004).

3.4.2.2. Type Il transmembrane serine proteases
Type Il transmembrane serine proteases (TTSPs) are expressed in all vertebrates.
Transmembrane serine protease subtype 2 (TMPRSS2) can be found in epithelial of
gastrointestinal, urogenital and respiratory tracts (Vaarala et al., 2001). TMPRSS2
plays an essential role for activation of HCoV because the host cell entry of HCoV
including HCoV-0OC43, HCoV-HKU1, HCoV-229E, SARS-CoV, MERS-CoV and
SARS-CoV-2 is mediated via the cell surface pathway (Szabo and Bugge, 2008;
Kawase et al., 2012; Shirato, Kawase and Matsuyama, 2018a; Hoffmann, Kleine-
Weber, et al., 2020). TTSPs are composed of different N-terminal transmembrane
domains, a C-terminal extracellular serine protease domain which contains the
catalytic histidine, aspartic acid and serine domains and a stem region. TTSPs can
be divided into four different classes: HAT/DESC, hepsin/TMPRSS, matripase and
corin. TMPRSS2 belongs to the second family, the hepsin/TPMRSS class. The
specificity of this class is a group A scavenger domain in its stem region, proceed by
a low-density-lipoprotein receptor class A domain in TMPRSS2/3/4. TTSPs are
synthesized as inactive precursor proteins, which need to be activated by cleavage.
Even after activation these proteins remain membrane anchored due to a disulfide
bond that links the prodomain and the catalytic domain (Hooper et al., 2001; Szabo
and Bugge, 2008). The main function of TTSPs is to stabilize the basic homeostasis
rather than re-establish it after external challenging like infections. Furthermore they
are involved in growth factor activation or initiation of proteolytic cascades (Bugge,
Antalis and Wu, 2009). TMPRSS?2 itself was found in the basal epithelium of the

prostate epithelium and later in the epithelial cells of kidney, upper airways, alveoli
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and ovaries. TMPRSS2 is proposed to regulate epithelial sodium currents in the lung
via proteolytic cleavage of sodium channels and to regulate inflammatory response in
the prostate (Lin et al., 1999; Afar et al., 2001; Donaldson et al., 2002; Wilson et al.,
2005). In the context of IAV infection it was shown that TMPRSS2 knock-out (KO)
mice exhibited a decreased viral spread and increased survival rates. However
TMPRSS2 KO mice did not show any phenotype by which the physiological role
remains unclear (Bugge, Antalis and Wu, 2009; Hatesuer et al., 2013). TMPRSS2 is
expressed in many cells in the respiratory tract which may drive virus infection of 1AV
and SARS-CoV shown to be activated by TMPRSS2 (Glowacka et al., 2011; Bertram
et al., 2012). Furthermore, TMPRSS2 is able to activate MERS-S at the S2’ site. The
cleavage by TMPRSS2 relies on the presence of a monobasic arginine motif. In case
of TMPRSS2 a monobasic motif preferentially at P1 is sufficient for cleavage in
contrast to furin, which requires a multibasic motif (Kleine-Weber et al., 2018).

Camostat mesylate is a serine protease inhibitor, which blocks the activity of
TMPRSS2. Treatment of cells with TMPRSS2 was shown to block MERS-CoV,
SARS-CoV and IAV replication (Kawase et al., 2012; Shirato, Kawase and

Matsuyama, 2013; Yamaya et al., 2015; Hoffmann, Kleine-Weber, et al., 2020).
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3.4.2.3. Cysteine cathepsins

Cathepsins are proteases that are active in a slightly acidic environment. Besides the
cysteine cathepsins to which e.g. cathepsins B, L, V, K belong, two other major
cathepsin groups are described which are the serine and aspartic protease
cathepsins (Turk et al., 2012). Most cysteine cathepsins including cathepsin L
(CTSL) are ubiquitously expressed in human tissue. However, it was shown that in
human lung cells (e.g. Calu-3) CTSL isles expressed compared to TMPRSS2 (Park
et al., 2016). Cysteine cathepsins are active in slightly acidic environment and are
unstable at neutral pH, thus they are intracellular proteases involved in degradation
of intra- and extracellular proteins (Turk et al., 2012). Furthermore, CTSL was shown
to be involved in the endosomal proteolytic activation of the S protein of MERS-CoV
(Gierer et al., 2013; Park et al., 2016).

Cathepsin activity can be blocked by different compounds. MDL28170 a cathepsin B
(CTSB) and CTSL inhibitor can reduce the EBOV-GP driven host cell entry and was
also shown to act in blocking the S-driven host cell entry of SARS-CoV and MERS-
CoV (Afar et al., 2001; Kawase et al., 2012; Gierer et al., 2013; Hoffmann et al.,
2019). Ammonium chloride (NH4Cl) elevates the endosomal pH and mediates
inhibition of cathepsins by disrupting the acidic environment needed for activation of
cathepsins. Thus, ammonium chloride treatment could inhibited the SARS-S-driven

host cell entry (Simmons et al., 2005).
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3.5. The novel emerging Coronavirus - SARS-CoV-2
In December 2019, a novel betacoronavirus SARS-CoV-2, emerged in the city of
Wuhan, Hubei region in China. SARS-CoV-2 is phylogenetically-related to SARS-
CoV, which has caused the SARS pandemic 2002/2003. While SARS-CoV was
transmitted from civet cats to humans, the animal spillover host for SARS-CoV-2
remains to be identified (Guan et al., 2003; De Wit et al., 2016; Zhu et al., 2020).
Similar to SARS-CoV, SARS-CoV-2 employs the angiotensin-converting enzyme 2
(ACE2) as host cell receptor and the viral S protein can be proteolytic primed by
TMPRSS2 (Li et al., 2004; Hoffmann, Kleine-Weber, et al., 2020). The
carboxypeptidase ACE2 is a type | integral membrane protease expressed in various
tissues like kidney, endothelium, lung and heart. ACE2 is further involved in the
renin-angiotensin system (RAS), which itself is necessary for the regulation of
homeostasis of the vascular functions (Donoghue et al., 2000; Tipnis et al., 2000;
Crowley et al., 2005; Tikellis and Thomas, 2012). Infection of humans with SARS-
CoV-2 can lead to the disease COVID-19, that can manifest itself as self-limiting,
common cold like disease with, fever and coughing. However, also development of
severe, life-threatening pneumonia is possible and it is believed that severe disease
might correlate with increased age and pre-existing comorbidities, like diabetes,
respiratory diseases and/ or obesity (Guo et al., 2020). The median incubation period
of SARS-CoV-2 infection is five to six days and thus equally to incubation periods
observed for MERS-CoV (Guan et al., 2020; Guo et al., 2020). Different to SARS-
CoV and MERS-CoV, SARS-CoV-2 can be transmitted with high efficiency between
humans. Through trading and air travel, SARS-CoV-2 has been introduced into
countries worldwide, resulting in a pandemic (Anderson et al., 2004; Mackay and
Arden, 2015; Shereen et al., 2020). The pandemic spread of COVID-19 highlights the

urgent need for specific antiviral treatment options and vaccines against
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coronaviruses. Until today, no antiviral therapeutic or vaccine is licensed for

treatment of coronavirus infections in humans.

3.6. Animal models and therapeutic targets
The most efficient prevention of virus infections including coronaviruses is
vaccination. Vaccines are available for a few animal coronaviruses including IBV and
TGEV. But those vaccines cannot be used permanently because of lack of efficiency
or recombination events. In case of MERS-CoV no vaccine is licensed for humans or
for camels. However, two vaccines candidates entered clinical trials for use in
humans (GLS-5300 and MERS0001). In addition another candidate has been tested
in dromedary camels for human or veterinary use (modified vaccinia virus Ankara
(MVA) vector to express MERS-S) (Xu et al., 2019).Therapeutic targets for the
tretament could be for example the S protein, accessory proteins, DPP4 or host cell
proteases. The S protein can be targeted at the RBD or NTD via neutralizing
antibodies. Here, monoclonal antibodies targeting residues close to the interacting
sites were proven most efficient (Wang et al., 2015, 2018). JC57-14 (non-human
primate (NHP)) and F11 (mice) are two of those monoclonal RBD-specific antibodies.
JC57-14 interacts with S protein residue W535 and F11 interacting with S protein
residue D509, both were able to show neutralizing potential. However, for both
antibodies escape mutations were observed (Wang et al., 2018). The accessory
protein 4a was shown to target the host IFN response; the blocking of this function by
anti-viral therapeutics could inhibit viral spread (Niemeyer et al., 2013). The host cell
receptor DPP4 is important for viral entry. Besides the S protein, DPP4 can bind to
other cellular factors at the cell surface like ADA. ADA is a cofactor for DPP4 which
can antagonize the S protein binding by blocking DPP4 (Raj et al., 2014).

Furthermore the host cell proteases are necessary for entry: Furin, TMPRSS2 and
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CTSL are necessary for the viral activation. Those proteases can also be used as
therapeutic targets. TMPRSS2 can be blocked efficiently by camostat mesylate and
CTSL by the inhibitor MDL28170, both compounds were shown to inhibit MERS-S
driven host cell entry in cell culture (Gierer et al., 2013; Shirato, Kawase and
Matsuyama, 2013). However, MDL28170 was shown to introduce rapid mutations
which lead to resistance of VSV-EBOV to MDL28170 (Hoffmann et al., 2019). All
compounds shown to be affective in vitro still need to be tested in vivo.

Animal models are necessary to prove the effect of vaccines and therapeutics. For
MERS-CoV different animal models were established. Rhesus macaques were the
first established animal model. The animals were permissive for viral infection and
showed acute transient, moderate respiratory disease with coughing and fever (De
Wit et al., 2013; Falzarano et al., 2013; Munster, de Wit and Feldmann, 2013;
Falzarano, Wit, et al., 2014; Yao et al., 2014). Another animal model is common
marmosets, which develop a severe respiratory disease that rapidly becomes lethal.
The respiratory and immune system of common marmosets and rhesus macaques is
similar to humans, which is an advantage for confirming vaccines and antiviral
therapeutics (Falzarano, de Wit, et al., 2014). Nevertheless, mouse models were also
developed for MERS-CoV, but to be efficient they need to be DPP4 transduced or
transgenic DPP4 mice. The advantage of mice models is that they are easy to handle
and useful for screening. However, mice develop other symptoms than humans and
transgenic mice present a global overexpression of DPP4 (Baseler, de Wit and
Feldmann, 2016). The ongoing SARS-CoV-2 pandemic shows the urgency for
treatment options of coronaviruses. Therefore already approved antiviral therapeutics
are tested for the treatment for COVID-19 patients. Nevertheless, the need for

effective antiviral therapeutics and vaccines is urgent.
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4. Aims
MERS-CoV can cause a life-threatening pneumonia in humans and has pandemic
potential. The general potential of emerging coronaviruses to cause pandemics is
presently demonstrated by the ongoing COVID-19 pandemic. While MERS-CoV can
be transmitted from dromedary camels to humans, also for SARS-CoV-2 it is very
likely that initial human infections occurred via close contact with an (at present
unknown) infected animal. The coronaviral S protein mediates viral entry into target
cells and is a viral key determinant that defines the range of susceptible host species
and cell types. The S protein engages specific cellular receptors and, upon
proteolytic activation (priming) by cellular proteases, induces fusion of the viral and
cellular membranes thereby delivering the viral genome into the cell. The underlying
virus-host-cell-interactions are crucial for viral entry and thus might serve as targets

for antiviral therapy. Therefore two central questions were addressed in this thesis:

1) Which host cell factors are required for the cellular entry driven by MERS-S? In
detail, are there cell type-specific protease requirements with respect to the S1/S2
and S2’ cleavage sites. Further, do naturally occurring polymorphisms in the

MERS-CoV cell receptor DPP4 or MERS-S itself impact the viral entry efficiency?

2) Which host cell factors are crucial for the host cell entry of SARS-CoV-2? In

particular, is the S protein of SARS-CoV-2 also primed by TMPRSS2 and can

TMPRSS2 thus be a therapeutic target?

31



Manuscripts

5. Manuscripts

5.1. First manuscript

Functional analysis of potential cleavage sites in the

MERS-coronavirus spike protein

Kleine-Weber H, Elzayat MT, Hoffmann M, Péhimann S.

License:

This work is licensed under the Creative Commons Attribution 4.0 International

License: http://creativecommons.org/licenses/by/4.0/.

Individual contribution:

In the manuscript, the experiments and analysis for Figure 2: "Incorporation of
MERS-S proteins into rhabdoviral particles., Figure 3: “Expression of DPP4 and host
cell proteases in target cell lines and lung tissue.”, Figure 4: “Requirement of the
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. The Middle East respiratory syndrome-related coronavirus (MERS-CoV) can cause severe disease

. and has pandemic potential. Therefore, development of antiviral strategies is an important task.The

. activation of the viral spike protein (S) by host cell proteases is essential for viral infectivity and the

: responsible enzymes are potential therapeutic targets. The cellular proteases furin, cathepsin Land

. TMPRSS2 can activate MERS-S and may cleave the S protein at two distinct sites, termed 51/52 and

: S2'.Moreover, a potential cathepsin L cleavage site in MERS-S has been reported. However, the relative
: importance of these sites for MERS-S activation is incompletely understood. Here, we used mutagenic

. analysis and MERS-5-bearing vectors to study the contribution of specific cleavage sites to S protein-

. driven entry. We found that an intact 51/52 site was only required for efficient entry into cells expressing
. endogenous TMPRSS2. In keeping with a previous study, pre-cleavage at the 51/52 motif (RSVR) was

. important although not essential for subsequent MERS-S activation by TMPRSS2, and indirect evidence
. was obtained that this motif is processed by a protease depending on an intact RXXR motif, most

© likely furin. In contrast, the 52’ site (RSAR) was required for robust viral entry into all cell lines tested

. and the integrity of one of the two arginines was sufficient for efficient entry. These findings suggest

¢ thatcleavage at 52’ is carried out by proteases recognizing a single arginine, most likely TMPRSS2 and

© cathepsin L. Finally, mutation of the proposed cathepsin L site did notimpact viral entry and double

: mutation of $1/S2 and S2' site was compatible with cathepsin L- but not TMPRSS2-dependent host cell

. entry, indicating that cathepsin L can process the S protein at auxiliary sites. Collectively, ourresults

: indicate a rigid sequence requirement for S protein activation by TMPRSS2 but not cathepsin L.

i 'The family Coronaviridae comprises enveloped, positive sense RNA viruses that infect mammals (members of
. the subfamilies Coronavirinae and Torovirinae), birds (Coronavirinae) and fish (Torovirinae)'. Coronaviruses can
. have zoonotic potential and transmission of animal coronaviruses of the genus Betacoronavirus to humans has
. resulted in novel, severe respiratory diseases: The outbreak of severe acute respiratory syndrome (SARS; caused
. by SARS-related coronavirus, SARS-CoV) in Southern China in 2002 and its subsequent global spread were
. associated with almost 800 deaths, with the vast majority of cases occurring in Asia and Canada®. Although
: nonew SARS cases were observed after 2004, another severe respiratory disease caused by a new betacoro-
' navirus emerged in 2012: Middle East respiratory syndrome (MERS), caused by MERS-related coronavirus
© (MERS-CoV)*, was so far diagnosed in 2,229 patients and was responsible for 791 deaths®. The majority of
. cases were documented in the Middle East but the virus, like SARS-CoV, has been introduced into other coun-
: tries via air travel and a MERS outbreak in South Korea was associated with more than 100 cases®. Importantly,
: MERS-CoV is still endemic in the Middle East and the virus may have pandemic potential. Therefore, it is impor-
: tant to devise novel antiviral strategies to combat MERS.

: The MERS-CoV spike protein (MERS-8) is inserted into the viral envelope and mediates viral entry into
. target cells. For this, MERS-S binds to the cellular receptor dipeptidyl peptidase 4 (DPP4/CD26)” via its surface
. unit, $1, and then employs its transmembrane unit, 52, to fuse the viral membrane with a host cell membrane,
: which allows the delivery of the viral genome into the host cell cytoplasm. However, receptor binding alone is not
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Figure 1. Domain organization and protease cleavage sites of MERS-S. MERS-S possesses two subunits, a
surface subunit (§1) and a membrane-anchored subunit (52). The S1 subunit harbors an N-terminal signal
peptide (SP) and the receptor binding domain (RBD) while the 52 subunit contains domains required for
membrane fusion, the fusion peptide (FP), two heptad repeats (HR1, HR2), and a transmembrane domain
(TM). Moreover, the 82 subunit contains a cytoplasmic tail (CT). The S1/S2 cleavage site is located at the border
between the 51 and S2 subunits while the S2’ site is located at the N-terminus of the FP. A proposed cleavage
site for cathepsin L is located between the S1/52 and 52 sites (ECP, endosomal cysteine protease). The amino
acid residues of the §1/82, cathepsin L and $2'sites are printed in bold and the mutations introduced into the
cleavage sites are indicated.

sufficient for § protein-driven entry. The S protein is synthesized as an inactive precursor and is converted into its
active form upon cleavage by host cell proteases®™. In fact, proteolytic processing of MERS-S might be sufficient
to trigger the membrane fusion reaction and is subsequently referred to as activation. The host cell proteases
responsible for MERS-S activation constitute potential targets for antiviral intervention and the identification of
their cleavage sites might instruct the generation of inhibitors. Therefore, the proteolytic activation of MERS-S is
in the focus of ongoing research endeavours.

The following host cell proteases can activate MERS-S in cell culture: Cathepsin L'* "2, an endosomal,
pH-dependent cysteine protease, furin'*', a proprotein convertase expressed in the Golgi apparatus and to a
lesser extent at the cell surface, and TMPRSS2'""*, a type Il transmembrane serine protease that is believe to
process the S protein and other substrates at or close to the cell surface. TMPRSS2 expression in target cells
renders MERS-S-driven entry independent of the activity of cathepsin L'*'°, indicating that during viral entry
MERS-CoV makes contact with a TMPRSS2-positive compartment, most likely the plasma membrane, before
it is trafficked into cathepsin L-positive endosomes. Cleavage of the § protein in the Golgi apparatus of infected
cells has been proposed to be essential for subsequent MERS-S activation by TMPRSS2 or furin during entry into
target cells because it may endow the S protein with sufficient structural flexibility to engage these proteases for
pmcessing"’. Notably, activity of TMPRSS2 but not cathepsin L might be important for viral spread in the host.
Thus, TMPRSS2 but not cathepsin L was found to be expressed at high levels in the respiratory epithelium!'!’
and an inhibitor active against TMPRSS2 reduced SARS-CoV spread and pathogenesis in a rodent model whilea
cathepsin L inhibitor had little effect'®. Moreover, activation by cathepsin L has been suggested to be a cell culture
adaptation, at least in the context of the human coronaviruses 229E, HKU1 and OC43'*%", Finally, the contribu-
tion of furin to MERS-S activation in the host remains to be determined. In this context, it is noteworthy that one
study questioned whether cleavage by furin contributes to MERS-CoV infectivity in cell culture?’ while another
showed that furin is not involved in § protein activation during host cell entry®.

The activation of MERS-S by host cell proteases requires S protein processing at defined sites. MERS-S har-
bors two cleavage sites found in all CoV § proteins: An §1/82 site, composed of the amino acids RSVR, is located
at the border between the S1 and $2 subunits, while an 82’ site, composed of the amino acids RSAR, is located
upstream of the putative fusion peptide present within the S2 subunit (Fig. 1). The S1/S2 site is believed to be
processed by furin in infected cells'**' while the 52’ site should be processed during viral entry by all S protein
activating proteases identified today, since generation of a free N-terminus of the fusion peptide is required for
membrane fusion. Finally, an AFNH motif located between the §1/82 site and the $2” site was reported to be
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Figure 2. Incorporation of MERS-S proteins into rhabdoviral particles. Equal volumes of culture supernatants
containing pseudoparticles harboring MERS-S wt or the indicated S protein mutants equipped with a
C-terminal V5-tag were centrifuged and the pellets subjected to Western blot analysis, using an anti-V5
antibody. Arrow heads indicate bands corresponding to uncleaved precursor MERS-S (80) and S2 subunit
generated by cleavage at the S1/52 border. The detection of VSV-M served as loading control. Shown isa
representative Western blot from a total of twelve independent experiments

required for § protein-driven host cell entry and is believed to be processed by cathepsin L%, However, direct
evidence that MERS-S activation depends on S protein processing at the S1/52, cathepsin L and/or S2/ sites is
frequently lacking. For instance, the sites required for S protein activation by TMPRSS2 are unknown. Moreover,
it is largely unclear whether certain S protein activating proteases can use auxiliary sites in case $1/52 and/or 82/
are not available.

Here, we performed mutagenic analysis to define the contribution of specific cleavage sites to MERS-S-driven
entry into cell lines which expressed defined S protein activating proteases. Moreover, we used inhibitors to inves-
tigate protease choice. We found that the requirement for an intact S1/52 site for MERS-S-mediated entry was cell
type dependent while the integrity of the §2” site was universally required. In contrast, mutation of the proposed
cathepsin L site did not impact S protein-driven entry and we obtained evidence that this protease can use an
auxiliary site for S protein activation if 2 is not available. Finally, our results are compatible with the concept that
the S1/52 site is processed by proprotein convertases while the 52’ site is cleaved by TMPRSS2.

Results

The 52’ site but not the 51/52 site is universally required for MERS S-driven host cell entry.  We
first investigated whether the $1/52, the cathepsin L and the S2 cleavage sites (Fig. 1) were universally required
for MERS-S-driven entry or were only required for entry into certain target cells. For this, we used a set of pre-
viously established S protein mutants*** and a VSV-based pseudotyping system. Mutants SSVR and ASVA har-
bored an altered S1/52 site, the alteration in mutant NYT was previously shown to abrogate S protein activation
by cathepsin L** while mutant ASAA contained a mutated S2’ site (Fig. 1). Moreover, in mutant ASVA + ASAA
both the $1/52 and the $2' site were altered (Fig. 1). We next employed a previously described VSV-based pseu-
dotyping system?®* to investigate how the mutations introduced into MERS-S modulated viral entry. For this, we
first analyzed S protein incorporation into VSV particles produced in 293T cells. Immunoblot analysis revealed
that all § protein mutants studied were efficiently incorporated into VSV particles, although some variation of
incorporation efﬁciency was observed between experiments, and that mutation of the $1/52 site largely abrogated
proteolytic processing of the § protein in particle producing cells (Fig, 2), as expected !¢,

Next, we selected target cells for the analysis of MERS-S-driven entry. The human colon-derived cell line
Caco-2, the human adrenal gland-derived cell line 293T (either untransfected or transfected to express high
levels of DPP4) as well as the African green monkey kidney-derived cell line Vero E6 were chosen for analysis,
since these cells were previously reported to be susceptible to MERS-S-driven entry and both Caco-2 and Vero E6
cells are known to allow amplification of authentic MERS-CoV %2133 Quantitative RT-PCR analysis of Caco-2,
293T and Vero E6 cells as well as human lung tissue, the natural target of MERS-CoV infection, revealed that Vero
E6, 293T and lung tissue expressed roughly comparable amounts of DPP4 mRNA, while expression in Caco-2
cells was elevated (Fig. 3). In contrast, appreciable levels of TMPRSS2 mRNA were only detected in Caco-2 cells
and lung tissue (Fig. 3}, in keeping with published data'™'". Finally, mRNAs for cathepsin L as well as furin were
readily detected in all cell lines tested and in lung tissue (Fig. 3). Thus, the cell lines under study were all positive
for the MERS-CoV receptor, DPP4, but expressed different proteases known to be used by MERS-S for activation
while expression of all proteases was robust in lung tissue.

All cell lines under study were readily susceptible to transduction by control particles bearing VSV-G and were
largely refractory to transduction by particles bearing no viral glycoprotein (Fig. 4a,b), as expected. Transduction
mediated by wildtype MERS-S was comparable for Vero E6 and Caco-2 cells (~3 x 10%c.p.s.) and generally
higher as compared to untransfected 293T cells (~10”c.p.s.) (Fig. 4a). However, when 293T cells were previously
transfected with expression plasmid for DPP4, transduction levels were as high as for Vero E6 and Caco-2 cells
(Fig. 4a). Transduction of target cells with particles bearing MERS-S revealed that alteration of the 51/52 site
markedly reduced entry into Caco-2 (approx. 12-15-fold reduction) but not 293T, 293T+DPP4 or Vero E6 cells
(Fig. 4b). In contrast, an intact S2’ site was universally required for S protein driven entry, although the effects
observed upon transduction of Vero E6, 293T and 293T-++ DPP4 were less pronounced than those seen for Caco-2
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Figure 3. Expression of DPP4 and host cell proteases in target cell lines and lung tissue. Total cellular RNA was
extracted from 2937, Caco-2 and Vero E6 cells, reverse-transcribed into cDNA and quantified for DPP4 and
protease transcript numbers by quantitative RT-PCR. cDNA from human lung tissue was also induded in the
analysis. The numbers of DPP4/protease mRNA copies are shown relative to the housekeeping gene f-actin
(ACTB). Error bars indicate standard deviation (SD). Crosses indicate samples for which no transcripts were
detected.

cells (Fig. 4b, roughly 300-fold reduction in Caco-2 as compared to 4-5-fold reduction in the other cell lines
tested). Finally, mutation of the cathepsin L site had, contrary to published data®, no impact on § protein-driven
entry into any of the cell lines studied.

The 51/52 and 52 site in MERS-S are processed by different proteases. We next determined
whether the $1/82 and the 82' sites are dleaved by proteases exhibiting the same cleavage specificity or by enzymes
that recognize different cleavage sites. Thus, both sites contain an RXXR motif, a prerequisite for cleavage by
proprotein convertases, and could thus be processed by furin or related enzymes. Alternatively, these sites might
be cleaved by proteases for which motifs encompassing a single arginine residue can be sufficient for cleavage,
potentially cathepsin L and TMPRSS2. In order to discern between these two possibilities, we investigated entry
driven by S protein mutants in which either one or both arginines were mutated. For this, we employed Vero E6
and Caco-2 cells as targets. Immunoblot revealed that all MERS-S mutants were efficiently incorporated into VSV
particles (Fig. 5a) and none of the mutations introduced into the 51/52 site markedly reduced entry into Vero E6
cells (Fig. 5b), in keeping with our findings stated above, although the 1.5-2.6-fold reduction observed in this set
of experiments was statistically significant (note that the average of three experiments is shown in Fig, 4 while the
average of nine experiments is shown in Fig. 5b). In contrast, mutation of a single arginine within this site was
sufficient to reduce entry into Caco-2 cells by 4.5 to 29.4-fold (Fig. 5b), suggesting that the S1/82 site is processed
by a protease that depends on the presence of two arginines, like furin. Furthermore, the second but not the first
arginine within the 82’ site was sufficient for efficient S protein-driven entry into Caco-2 cells while mutation of
any single arginine at the $§2' site had only a minor, although statistically significant, effect on § protein-mediated
transduction of Vero E6 cells (Fig. 5b). These results suggest that in Caco-2 and Vero E6 cells the 82’ site is mainly
processed by a protease that requires a single arginine at its cleavage site, likely TMPRSS2 (Caco-2, see below} and
cathepsin L (Vero E6).

Anintact 52’ but not 51/52 site is essential for MERS-S activation by TMPRSS2.  Our analyses
had so far suggested that cleavage at S1/82 is required for robust MERS-S-driven entry into Caco-2 cells, which
express TMPRSS2. Therefore, we next asked whether cleavage at this site is also required for S protein-driven
entry into cells in which only the TMPRSS2-activation pathway is operative. For this, we blocked MERS-S-driven
entry into 293T4DPP4 cells by the cathepsin L inhibitor MDL28170 and asked whether this blockade can be
overcome by expression of TMPRSS2. Entry driven by MERS-S wt and all § protein variants with mutations in
the 51/52 site was inhibited at least 13.7-fold by MDL28170 treatment and entry driven by MERS-S wt was fully
rescued by directed expression of TMPRSS2 in target cells (Fig. 6a). Entry mediated by the S protein mutants with
inactivated S1/52 site was also rescued by TMPRSS2, although with reduced efficiency as compared to MERS-S
wt (Fig. 6a), indicating that precleavage at S1/52 is not an absolute prerequisite for subsequent § protein activation
by TMPRSS2. In contrast, mutation of the S2 site abrogated MERS-S activation by TMPRSS2. Moreover, analysis
of MERS-S cleavage in a cis setting (i.e. protease and § protein expressed in the same cell) showed that mutation
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Figure 4. Requirement of the $1/82 site for MERS-S-driven entry is cell type dependent, while the $2'site is
universally required. (a) Equal volumes of rhabdoviral vectors harboring MERS-S wt, the indicated S protein
mutants, VSV-G or no glycoprotein at all (negative control) were used for transduction of Caco-2, Vero E6
cells or 293T cells that were either untreated or transfected with expression plasmid for DPP4. Transduction
efficiency was quantified at 18 h post inoculation by measuring the activity of virus-encoded luciferase in
celllysates. Shown are the data from one representative experiment performed with quadruplicate samples,
error bars indicate standard deviation (SD). Similar results were obtained in two separate experiments. (b)
The combined results of three independent experiments carried out as described for panel a are shown. For
normalization, transduction mediated by VSV particles harboring MERS-S wt was set as 100%. Error bars
indicate standard error of the mean (SEM). Statistical significance of differences between transduction mediated
by wtand mutant S proteins was analyzed using a paired, two-tailed students t-test (¥p < 0.05; *¥p < 0.01;
##%p < 0.001; ns, not significant).
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Figure 5. A single arginine at the S2’ site is sufficient for MERS-$ activation. (a) Equal volumes of culture
supernatants containing pseudoparticles harboring MERS-S wt or the indicated S protein mutants equipped
with a C-terminal V5-tag were centrifuged and the pellets subjected to Western blot analysis, using an
anti-V5 antibody. The results were confirmed in four separate experiments. (b) Vero E6 and Caco-2 cells

were transduced with pseudoparticles harboring MERS-S wt, the indicated S protein mutants, VSV-G or no
glycoprotein at all (negative control), and transduction efficiency was analyzed as described in the legend to
Fig. 4. The average of nine separate experiments is shown, in which transduction mediated by MERS-S wt was
set as 100%. Error bars indicate SEM. Statistical significance of differences between transduction mediated

by wtand mutant S proteins was analyzed using a paired, two-tailed students t-test (¥p < 0.05; **p < 0.01;
##%p < 0.001; ns, not significant).

of the 82 site resulted in aberrant cleavage products as compared to MERS-S wt and S protein mutants with
alterations in the §1/S2 site (Fig. 6b). Finally, we asked whether the residual entry into the TMPRSS2" Caco-2
cells observed upon mutation of the $1/S2 site was dependent on cathepsin L activity, as suggested by a previous
study'®, or was promoted by TMPRSS2. Preincubation of Caco-2 cells with protease inhibitors showed that entry
driven by § proteins lacking an intact §1/52 site was dependent on TMPRSS2 but not cathepsin L activity (Fig. 6¢),
indicating a dominant role of TMPRSS2 in S protein-driven host cell entry into Caco-2 cells. In sum, our data
suggests that an intact S1/52 site promotes but is not essential for MERS-S-activation by TMPRSS2.

Residual Vero E6 cell entry observed upon mutation of the $1/52 and S2’ site is promoted by
cathepsin L activity. We found that simultaneous inactivation of the §1/52 and 52’ site markedly reduced
entry into Caco-2 cells, which depends on TMPRSS2, but only modestly reduced S protein-driven into Vero E6
cells, which depends on cathepsin L activity (Fig. 4). The latter finding raised the question whether the residual
entry into Vero E6 cells was still dependent on cathepsin L activity. We addressed this question by analyzing trans-
duction of Vero E6 cells which were preincubated with the cathepsin L inhibitor MDL28170 or the TMPRSS2
inhibitor camostat. Camostat did not reduce S protein-driven entry, as expected. In contrast, cell entry driven by
all § proteins analyzed was comparably reduced upon MDL28170 treatment (Fig. 7). Remarkably, the cathepsin
L dependence was also observed for mutants in which the $2' was inactivated, indicating that cathepsin L, unlike
TMPRSS2, can employ auxiliary cleavage sites for § protein activation.

Discussion

MERS-CoV infection is associated with a case-fatality rate of 36% and the virus has pandemic potential®.
Therefore, the identification of therapeutic targets is important and the cellular proteases responsible for
S protein activation are candidates. However, cell line specific differences in protease choice and the sites in
MERS-S that are processed by these proteases have not been fully elucidated. Our data support the concept
that pre-cleavage of MERS-S at the $1/82 site by furin promotes subsequent S protein activation by TMPRSS2'.
However, pre-cleavage was not essential for § protein activation by TMPRSS2 and Caco-2 cell entry driven by a
MERS-S variant lacking pre-cleavage was still TMPRSS2 dependent. Moreover, our results suggest that the 52°
site, specifically the second arginine, is important for efficient S protein activation by TMPRSS2 and indicate that
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Figure 6, An intact §1/52 site promotes but is not essential for MERS-S activation by TMPRSS2 (a) 293T

cells were transfected with DPP4 plasmid or cotransfected with DPP4 and TMPRSS2 plasmid. At 24h post
transfection, cells were incubated with DMSO or cathepsin L inhibitor MDL28170 before being inoculated
with pseudoparticles harboring MERS-S wt, the indicated S protein mutants or VSV-G. Transduction efficiency
was quantified by measuring the activity of virus-encoded luciferase in cell lysates at 18 h post transduction.
The average of three individual experiments is shown. Transduction of untreated, DPP4 transfected cells was
set as 100%. Error bars indicate SEM. (b) 293T cells were cotransfected with TMPRSS2 plasmid and plasmids
encoding MERS-S wt or the indicated S protein mutants equipped with a C-terminal V5-tag. Transfection of
empty plasmid served as negative control. At 48h post transfection, S protein expression in cell lysates was
analyzed by Western blot. Bands representing uncleaved MERS-S (S0), the 52 subunit generated by cleavage at
the §1/82 site and an S2 fragment generated upon cleavage at the S2' site are highlighted. Detection of f8-actin
served as loading control. Similar results were obtained in two separate experiments. (c} Caco-2 cells were
pre-incubated with the serine protease inhibitor camostat (bright blue) or the cathepsin L inhibitor MDL28170
(dark blue), or were control-treated with DMSO (gray). Subsequently, the cells were inoculated with equal
volumes of preparations of pseudoparticles harboring MERS-S wt, the indicated § protein mutants or VSV-G.
At 181 post inoculation, transduction efficiency was quantified by measuring the activity of virus-encoded
luciferase in cell lysates. The average of three independent experiments is shown. Transduction of control-
treated cells was set as 100%. Crosses indicate samples for which no transduction above background levels was
detected. Error bars indicate SEM. Statistical significance of differences between transduction of control-treated
and inhibitor-treated cells was analyzed using a paired, two-tailed students t-test (¥*p < 0.01; #**p < 0.001; ns,
not significant).

cathepsin L but not TMPRSS2 can employ alternative sites for S protein activation. Collective, our results advance
our understanding of the proteases facilitating S protein activation and of their cleavage sites within the S protein.

We employed a rhabdoviral pseudotyping system to study MERS-S-driven entry into target cells. This sys-
tem and related ones have previously been shown to adequately mirror important aspects of CoV entry into
target cells and allow studying this process without the need to work with infectious virus”. The wt $ protein
and all § protein mutants analyzed were readily incorporated into VSV particles, although some variations
between partice preparations were observed. Uncleaved as well as deaved forms of the S protein were detected
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Figure 7. Cathepsin Lactivity is required for Vero E6 cell entry driven by a mutant S protein that lacks the 51/
$2 and the 52’ sites. Vero E6 cells pre-incubated with serine protease inhibitor (camostat, bright blue), cathepsin
L inhibitor (MDL28170, dark blue} or DMSQ (control, gray) were inoculated with pseudoparticles as described
for the Caco-2 cells in panel ¢ of Fig. 6. At 18 h post inoculation, transduction efficiency was quantified by
measuring the activity of virus-encoded luciferase in cell lysates. The average of three independent experiments
is shown. Transduction of control-treated cells was set as 100%. Error bars indicate SEM. Statistical significance
of differences between transduction of control-treated and inhibitor-treated cells was analyzed using a paired,

in particles, with the exception of mutants with altered S1/82 site, which exclusively incorporated uncleaved S
protein. Thus, alteration of the $1/82, cathepsin L and S2' sites is compatible with particle incorporation of the S
protein and only mutation of §1/S2 site abrogates S protein processing in particle producing cells. For the analysis
of MERS-S-driven entry, well characterized cell lines were employed and two of them, Vero E6 and Caco-2, cells
are permissive to MERS-CoV infection?"?%, All cell lines analyzed as well as lung tissue expressed cathepsin L
and furin mRNA, in keeping with the previously documented broad expression of these enzymes*”%, although
cathepsin L levels in Vero E6 cells were relatively low. In contrast, robust levels of TMPRSS2 mRNA were only
found in Caco-2 cells and lung tissue, again in agreement with published data®. Finally, all cell lines and lung
tissue were positive for DPP4 mRNA, with Caco-2 cells expressing the highest levels, and transfection of DPP4
expression plasmid revealed that the low amounts of endogenous DPP4 in 293T cells limit the efficiency of § pro-
tein driven entry. In sum, well characterized particles as well as cell lines were employed to study the contribution
of potential cleavage sites in MERS-S to proteolytic activation of the S protein.

The analysis of S protein mutants demonstrated that alteration of the $1/52 motif markedly inhibited entry
into Caco-2 cells but not the other cell lines studied. The requirement of 51/52 for robust Caco-2 cell entry
was perhaps not unexpected since only these cells expressed TMPRSS2 and a previous study reported that
furin-mediated cleavage at 51/52 in virus producing cells is required for subsequent S protein activation by
TMPRSS2 during entry into target cells'®. Our findings generally support this concept but suggest that certain
aspects need to be reconsidered. Thus, in our hands pre-cleavage at §1/52 promoted but was not essential for
subsequent S protein activation by TMPRSS2, although it should be stated that TMPRSS2 levels in the transiently
transfected 293T cells examined here might exceed those in lung tissue. Moreover, residual entry of the §1/52
mutant into Caco-2 cells was not facilitated by cathepsin L, as one would have expected from previous work with
Calu-3 and Huh7/TMPRSS2 cells'®, but remained TMPRSS2 dependent. Whether these discrepancies reflect cell
line specific differences remains to be determined. In this context, it is noteworthy that Caco-2 cell entry driven
by the S protein of SARS-CoV also relied on TMPRSS2 while entry driven by the glycoprotein of Ebola virus,
which is known to depend on cathepsin B and cathepsin L activitym, was blocked by the cathepsin B/L inhibitor
MDL28170 (data not shown). Thus, active cathepsin L seems to be expressed in Caco-2 cells. Finally, our results
suggest that the second arginine at the 52 site might be essential for MERS-S activation by TMPRSS2, since muta-
tion of this residue markedly reduced S protein-driven entry into Caco-2 cells, while mutation of the first arginine
did not diminish entry efficiency

Efficient MERS-S-driven entry into Vero E6, 293T and 293T+DPP4 cells was facilitated by cathepsin L and
was largely independent of the §1/S2 site but required an intact 82’ site, in keeping with dleavage of this site being
required for liberation of the N-terminus of the fusion peptide in the S2 subunit. However, several points are
noteworthy regarding this finding. First, mutation of a previously proposed cathepsin L cleavage site?® in MERS-S
did not diminish viral entry. This site was altered to contain a consensus signal for attachment of an N-linked
glycan which was previously shown to abrogate usage of this site’. We cannot exclude that the newly introduced
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glycosylation signal was not used in the 293T cell line employed for particle production. However, production of
the mutant in BHK-21 cells resulted in the same entry phenotype (data not shown), suggesting that differential
N-glycosylation might not account for the discrepant results of the present study and published work. Second,
it seemed that the effects of $27 site mutation were slightly more profound when entry into 293T as compared
to 293T+DPP4 cells was analyzed. This may suggest that high levels of receptor expression might reduce the
requirement for proteolytic activation. However, this conclusion is entirely speculative. Third, it is noteworthy
that Vero E6, 293T and 293T+DPP4 cell entry driven by the S protein mutant with altered $1/52 and S2 sites was
only moderately reduced and Vero E6 cell entry remained cathepsin L dependent. This suggests that cathepsin L
can use auxiliary S2' and potentially also S1/52 sites for S protein activation, a finding recently also documented
for SARS-§', and the nature of these sites remains to be determined.

Materials and Methods

Plasmids. We employed pCAGGS-based expression plasmids encoding vesicular stomatitis virus (VSV) gly-
coprotein (VSV-G), wild-type (wt) MERS-S or cleavage site mutants 748 SSVR 751, 748 ASVA 751, 763 NYT 765,
884 ASAA 887 and 748 ASVA 751 + 884 ASAA 887 that have been described previously'™'®*'*. Additionally,
MERS-S-proteins containing single amino acid exchanges at the cleavage sites of the §1/52 border, ASVR
(R748A) and RSVA (R751A), or the 52 site, ASAR (R884A) and RSA A (R887A), were generated by overlap
extension PCR (S protein mutants are summarized in Fig. 1). For all S proteins, we constructed versions with or
without a C-terminal V5 tag. Further, we generated expression plasmids for human TMPRSS2 and human DPP4
N-terminally linked to DsRed (DsRed DPP4) by PCR-based methods and inserted the respective open reading
frames and into the pQCXIP vector. In case of the expression vector for TMPRSS2, the vector encoded selection
marker for puromycin resistance was exchanged by that for blasticidin resistance taken from the (pcDNA6/TR)
vector. The integrity of the PCR-amplified sequences was verified by automated sequence analysis (Microsynth
Seqlab).

Cell culture.  293T (human) and Vero E6 (African green monkey) cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM; PAN Biotech) while the human colorectal adenocarcinoma cell line Caco-2 was grown
in Minimum Essential Media (MEM, Life Technologies). All media were supplemented with 10% fetal bovine
serum (FBS, PAN Biotech) as well as 1x penicillin and streptomycin from a 100x stock solution (PAN Biotech)
and cells were incubated in a humidified atmosphere at 37°C and 5% CQO,. Transfection of 293T cells was per-
formed by calcium-phosphate precipitation.

Protease inhibitors. To test which proteases facilitate MERS-S activation, target cells were preincubated
with cathepsin L inhibitor (MDL28170; Sigma-Aldrich) or serine protease inhibitor (Camostat, Sigma- Aldrich)
for 2h, before the cells were inoculated with transduction vectors.

Antibodies. The following antibodies were used as primary antibodies: Anti V5 (Invitrogen), anti 3-actin
(Sigma- Aldrich), anti VSV-M (Kerafast). As secondary antibody, an anti-mouse HRP (horse radish peroxidase)
conjugated antibody was employed (Dianova). All antibodies were diluted in phosphate buffered saline contain-
ing 0.5% Tween20 (PBS T) and 5% skim milk.

Production of VSV pseudoparticles (VSVpp) and transduction of target cells. We employed a
previously described protocol for VSVpp production®**2. In brief, 293T cells were transfected with expression
plasmids for wild type (wt) or mutant MERS-S, VSV-G (positive control) or empty expression vector (negative
control). At 24 h post transfection, cells were inoculated with VSV*AG fLuc* (Indiana strain, kindly provided
by G. Zimmer) for 1h at 37 °C and 5% CO,. Next, the inoculum was removed, cells were washed with PBS and
standard culture media containing an anti VSV-G antibody (produced in 11 hybridoma cells, ATCC CRL-2700)
was added to all cells except for those transfected with VSV-G expression vector. The cells were further incubated
for 24 h before the VSVpp-containing supernatant was harvested, cleared from cellular debris by centrifugation
(3,000 x g, 10 min), and either stored at —80 °C or directly used for transduction experiments. For the latter, tar-
get cells were grown in 96-well plates. If necessary, the cells were previously transfected with expression plasmids
for DsRed DPP4 and/or TMPRSS2 (24 h in advance), and/or pre-treated with protease inhibitors (2 h in advance).
For transduction, the culture medium was aspirated and VSVpp were added to the cells. Transduction efficiency
was quantified by measuring the virus encoded firefly luciferase (fLuc) activity in cell lysates using a commercial
kit (PJK) and a plate luminometer (Hidex).

Analysis of MERS-S expression and incorporation into VSVpp. 293T cells were transfected with
expression plasmids of wt or mutant MERS-S harboring a C terminal V5 tag. For analyses focusing on the S pro-
tein activation by TMPRSS2, cells were cotransfected with plasmids for the respective MERS-S construct and
TMPRSS2. To investigate S protein expression in target cells, whole cells lysates (WCL) were prepared by lysing
the cells in 2x SDS-sample buffer (0.03 M Tris-HCI, 10% glycerol, 2% SDS, 5% beta-mercaptoethanol, 0.2% bro-
mophenolblue, 1 mM EDTA). In the case that incorporation of § proteins into VSVpp was investigated, VSVpp
present in cell culture supernatants were pelleted by high speed centrifugation (25,000 x g, 2h, 4°C) through a
sucrose cushion and lysed in 2x SDS-sample buffer. Following SDS-PAGE under reducing conditions, proteins
were transferred onto nitrocellulose membranes (Hartenstein), blocked (30 min, 5% skim milk in PBS-T) and
incubated with antibodies targeting the V5 tag (S proteins), § actin (WCL loading control) or VSV-M (VSVpp
loading control), in combination with HRP-conjugated secondary antibodies (Dianova). Western blots were
developed using a self-made chemiluminescence reagent in combination with the ChemoCam imaging system
and the ChemoStar Professional software (Intas Science Imaging Instruments).
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Quantitative detection of transcripts via quantitative PCR (qPCR). The relative transcript levels of
DPP4, furin, cathepsin L and TMPRSS2 were determined by quantitative PCR (qPCR). For this, total RNA was
extracted 2937, Caco-2 and Vero E6 cells by using the RNeasy Mini Kit (QIAGEN GmbH) according to manufac-
turer’s instructions. Afterwards, 1 g RNA was DNase-treated (New England Biolabs) and subsequently reverse
transcribed into cDNA by using SuperScript™ III First-Strand Synthesis System (Thermo Fisher Scientific) both
following the manufacturer’s specifications. In addition, commercially available cDNA (TAKARA) isolated from
human lung tissue was analyzed. The qPCR was performed with 1 pl cDNA/reaction employing the QuantiTect
SYBR® Green PCR kit (QIAGEN GmbH) on a Rotor Gene® Q (QIAGEN GmbH) platform. All samples were
measured in triplicates. Further, serial 10-fold dilutions of expression vectors for f8-actin (ACTB, housekeeping
gene control), DPP4, furin, cathepsin L and TMPRSS2 that contained 1 to 10° copies/reaction were measured and
used to generate standard curves for ACTB and each target, and to calculate their respective copy number. For
normalization, target copy numbers were divided by ACTB copy numbers and are displayed as target gene copies
per copy ACTB.

References
1. Lai, M. M. C,, Perlman, . & Anderson, L. ]. In Fields virology Vol. 1 (eds D. M. Knipe & P. M. Howley) 1305-1336 (Lippincott,

Wiliams & Wilkins, 2007).

Hilgenfeld, R. & Peiris, M. From SARS to MERS: 10 years of research on highly pathogenic human coronaviruses. Antiviral Res. 100,

286-295(2013).

Zaki, A. M., van, B. S., Bestebroer, T. M., Osterhaus, A. D. & Fouchier, R. A. Isolation of a novel coronavirus from a man with

pneumonia in Saudi Arabia. N.Engl [ Med. 367, 1814-1820 (2012).

Zumla, A, Hui, D. S. & Perlman, . Middle East respiratory syndrome. Lancet 386, 995-1007 (2015).

World Health, O. MERS situation update, March 2018 http://www.emro.who.int/pandemic-epidemic-diseases/mers-cov/mers-

situation-update-march-2018.html (2018).

Oh, M. D. et al. Middle East respiratory syndrome: what we learned from the 2015 outbreak in the Republic of Korea. Korean ] Intern

Med 33, 233-246, https://doi.org/10.3904/kjim.2018.031 (2018).

. Raj, V. S. et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 495, 251-254,

https://doi.org/10.1038/nature 12005 (2013).

Millet, . K. & Whittaker, G. R. Host cell proteases: Critical determinants of caronavirus tropism and pathogenesis. Virus Res. 202,

120-134 (2015).

Simmons, G., Zmora, P, Gierer, 5., Heurich, A. & Pohlmann, §. Proteolytic activation of the SARS-coronavirus spike protein: cutting

enzymes at the cutting edge of antiviral research. Antiviral Res 100, 605-6 14, https://doi.org/10.1016/j.antiviral.2013.09.028 (2013).

10. Gierer, 5. et al. The spike protein of the emerging betacoronavirus EMC uses a novel coronavirus receptor for entry, can be activated
by TMPRSS2, and is targeted by neutralizing antibodies. J Virol 87,5502-5511, https://doi.org/10.1128/JVLO0128-13 (2013).

L1. Kawase, M., Shirato, K., van der Hoek, L., Taguchi, F. & Matsuyama, 5. Simultaneous treatment of human bronchial epithelial cells
with serine and cysteine protease inhibitors prevents severe acute respiratory syndrome coronavirus entry. /. Virol. 86, 6537-6545
(2012).

12. Qian, Z,, Dominguez, 8. R. & Holmes, K. V. Role of the spike glycoprotein of human Middle East respiratory syndrome coronavirus
(MERS-CoV) in virus entry and syncytia formation. PLoS One 8, €76469, https://doi.org/10.137 1/journal pone 0076469 (2013).

13. Burkard, C. et al. Coronavirus cell entry occurs through the endo-/lysosomal pathway in a proteolysis-dependent manner. PLoS
Pathog 10, ¢1004502, https:/ /doi.org/10.1371/journal.ppat.1 004502 (2014},

14. Millet, J. K. & Whittaker, G. R. Host cell entry of Middle East respiratory syndrome coronavirus after two-step, furin-mediated
activation of the spike protein. Proc Natl Acad Sci USA 111, 15214-15219, https://doiorg/10.1073/pnas. 14070871 11 (2014).

15. Shirato, K., Kawase, M. & Matsuyama, 5. Middle East respiratory syndrome coronavirus infection mediated by the transmembrane
serine protease TMPRSS2. [ Virol 87, 12552-12561, https://doi.org/10.1128/[VL1.01890-13 (2013).

16. Park, J. E. et al. Proteolytic processing of Middle East respiratory syndrome coronavirus spikes expands virus tropism. Proc Nail
Acad Sci USA 113, 12262-12267, https://doi.org/10.1073/pnas. 1608147113 (2016).

17. Bertram, §. et al. Influenza and SARS-coronavirus activating proteases TMPRSS2 and HAT are expressed at multiple sites in human
respiratory and gastrointestinal tracts. PLoS.One. 7, e35876 (2012).

18. Zhou, Y. et al. Protease inhibitors targeting coronavirus and filovirus entry. Antiviral Res. 116, 76-84 (2015).

19. Shirato, K., Kanou, K., Kawase, M. & Matsuyama, S. Clinical Isolates of Human Coronavirus 229E Bypass the Endosome for Cell
Entry. ] Virol 91 https://doi.org/10.1128/]V1.01387-16 (2017).

20. Shirato, K., Kawase, M. & Matsuyama, S. Wild -type human coronaviruses prefer cell-surface TMPRSS2 to endosomal cathepsins for
cell entry. Virology 517, 9-15, https://doi.org/10.1016/j.virol.2017.11.012 (2018).

21. Gierer, S. et al. Inhibition of proprotein convertases abrogates processing of the middle eastern respiratory syndrome coronavirus spike
protein in infected cells but does not reduce viral infectivity. J Infect Dis 211, 889-897, https://doi.org/10.1093/infdis/jiu407 (2015).

22, Matsuyama, S. et al. Middle East respiratory syndrome coronavirus spike protein is not activated directly by cellular furin during

viral entry into target cells. J Virol, hitps://doi.org/10.1128/]VL.0O0683- 18 (2018).

Yang, Y. ef al. Two Mutations Were Critical for Bat-to-Human Transmission of Middle East Respiratory Syndrome Coronavirus. J

Virol 89, 9119-9123, https://doi.org/10.1128/]V1.01279-15 (2015).

24. Berger Rentsch, M. & Zimmer, G. A vesicular stomatitis virus replicon-based bioassay for the rapid and sensitive determination of
multi-species type Linterferon. PLoS One 6, €25858, https://doi.org/10.1371/journal.pone.0025858 (2011).

25. Glende, J. et al. Importance of cholesterol-rich membrane microdomains in the interaction of the $ protein of SARS-coronavirus with
the cellular receptor angiotensin-converting enzyme 2. Virology 381, 215-221, https://doiorg/10.1016/j.virol 2008.08.026 (2008).

26. Chan, ]. E et al. Differential cell line susceptibility to the emerging novel human betacoronavirus 2c EMC/2012: implications for
disease pathogenesis and clinical manifestation. J Infect Dis 207, 1743-1752, htips://doi.org/10.1093/infdis/jit123 (2013).

27. Kramer, L, Turk, D. & Turk, B. The Future of Cysteine Cathepsins in Disease Management. Trends Pharmacol Sci 38, 873-898,
https://doi.org/10.1016/}.tips.2017.06.003 (2017).

28. Seidah, N. G., Sadr, M. §,, Chretien, M. & Mbikay, M. The multifaceted proprotein convertases: their unique, redundant,
complementary, and opposite functions. J Biol Chem 288, 21473-21481, https://doi.org/10.1074/jbc.R113.481549 (2013).

29. Bertram, S. ef al. TMPRSS2 activates the human coronavirus 229E for cathepsin-independent host cell entry and is expressed in viral
target cells in the respiratory epithelium. J Virol 87, 6150-6 160, https://doi.org/10.1128/]V1.03372-12 (2013).

30. Chandran, K, Sullivan, N. |, Felbor, U., Whelan, S. P. & Cunningham, ]. M. Endosomal proteolysis of the Ebola virus glycoprotein

is necessary for infection. Science 308, 1643-1645(2005).
. Reinke, L. M. et al. Different residues in the SARS-CoV spike protein determine cleavage and activation by the host cell protease
TMPRSS2. PLoS One 12, €0179177, https://doi.org/10.137 1/joumal.pone.01 79177 (2017).

32. Hoffmann, M. et al. A Polymorphism within the Internal Fusion Loop of the Ebola Virus Glycoprotein Modulates Host Cell Entry.

J Virol 91, https://doi.org/10.1128/]VI.00177-17 (2017).

Lol

W

CIEEI

o

2

W

3

SCIENTIFICREPORTS|  (2018) 8:16597 | DOI:10.1038/s41598-018-34859-w 10

42



Manuscripts

www.nature.com/scientificreports/

Acknowledgements
This work was supported by BMBF (RAPID Consortium, 01KI11723D).

Author Contributions

H.K.-W. performed experiments, analyzed data and helped writing the manuscript, M.T.E. performed
experiments, M.H. performed and designed experiments, analyzed data and helped writing the manuscript, 5.P.
designed experiments, analyzed data and wrote the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional daims in published maps and
institutional affiliations.

@ @ ] Open Access This article is licensed under a Creative Commons Attribution 4.0 International
—Mmmm |icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018) 8:16597 | DOI:10.1038/541598-018-34859-w 11

43



Manuscripts

5.2. Second manuscript

Mutations in the Spike Protein of the Middle East
Respiratory Syndrome Coronavirus Transmitted inn
Korea Increased Resistance to Antibody-Mediated

Neutralization

Kleine-Weber H, Elzayat MT, Wang L, Graham BS, Muller MA, Drosten C,

Poéhimann S, Hoffmann M.

Individual contribution:

In the manuscript, the experiments and analysis for Figure 2: “All MERS-S variants
analyzed were robustly expressed and incorporated into rhabdoviral particles.,
Figure 3: “Polymorphisms found in the S proteins of Korean MERS patients allow
robust entry into cells expressing large amounts of DPP4.“, Figure 4: “RBD
polymorphisms do not modulate sialic acid dependence of MERS-S-driven host cell
entry.”, Figure 5: “RBD polymorphisms do not impact MERS-S proteolytic activation.,
Figure 6: “RBD polymorphisms do not change MERS-S sensitivity toward interferon-
induced transmembrane proteins.”, Figure 7: “RBD polymorphisms increase
resistance of MERS-S against antibody-mediated neutralization.“ were conducted by

myself.

44



1 AMERICAN Journal of
L SOCIETY FOR ; ®
= MicrosioLocy |V rology

Manuscripts

VIRUS-CELL INTERACTIONS

L)

Check for
updates

Mutations in the Spike Protein of Middle East Respiratory
Syndrome Coronavirus Transmitted in Korea Increase
Resistance to Antibody-Mediated Neutralization

Hannah Kleine-Weber,>* Mahmoud Tarek Elzayat,® Lingshu Wang,© ' Barney S. Graham,* Marcel A. Miiller, 4=

Christian Drosten, %= 12 Stefan Péhlmann,*® 2 Markus Hoffmann?

2Infection Biology Unit, German Primate Center, Gottingen, Gemany

PFaculty of Biology and Psychology, University of Géttingen, Gottingen, Germany

“Vaccine Research Center, National Institute of Allergy and Infectious Diseases, Mational Institutes of Health, Bethesda, Maryland, USA

9Institute of Virology, Charité-Universitatsmedizin Berlin, Berlin, Germany
<German Centre for Infection Research, associated partner Charité, Berlin, Germany

ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) poses a
threat to public health. The virus is endemic in the Middle East but can be transmit-
ted to other countries by travel activity. The introduction of MERS-CoV into the Re-
public of Korea by an infected traveler resulted in a hospital outbreak of MERS that
entailed 186 cases and 38 deaths. The MERS-CoV spike (S) protein binds to the cellu-
lar protein DPP4 via its receptor binding domain (RBD) and mediates viral entry into
target cells. During the MERS outbreak in Korea, emergence and spread of viral vari-
ants that harbored mutations in the RBD, D510G and 1529T, was observed. Counter-
intuitively, these mutations were found to reduce DPP4 binding and viral entry into
target cells. In this study, we investigated whether they also exerted proviral effects.
We confirm that changes D510G and 1529T reduce S protein binding to DPP4 but
show that this reduction only translates into diminished viral entry when expression
of DPP4 on target cells is low. Neither mutation modulated S protein binding to
sialic acids, S protein activation by host cell proteases, or inhibition of S protein-
driven entry by interferon-induced transmembrane proteins. In contrast, changes
D510G and 1529T increased resistance of S protein-driven entry to neutralization by
monoclonal antibodies and sera from MERS patients. These findings indicate that
MERS-CoV variants with reduced neutralization sensitivity were transmitted during
the Korean outbreak and that the responsible mutations were compatible with ro-
bust infection of cells expressing high levels of DPP4.

IMPORTANCE MERS-CoV has pandemic potential, and it is important to identify mu-
tations in viral proteins that might augment viral spread. In the course of a large
hospital outbreak of MERS in the Republic of Korea in 2015, the spread of a viral
variant that contained mutations in the viral spike protein was observed. These mu-
tations were found to reduce receptor binding and viral infectivity. However, it re-
mained unclear whether they also exerted proviral effects. We demonstrate that
these mutations reduce sensitivity to antibody-mediated neutralization and are com-
patible with robust infection of target cells expressing large amounts of the viral re-
ceptor DPP4,

KEYWORDS MERS, antibody, neutralization, spike, virus entry

he family Coronaviridae harbors enveloped, positive-sense RNA viruses that infect
mammals and birds (1). Several coronaviruses (CoV) within the genera Alphacoro-
navirus and Betacoronavirus constantly circulate in the human population and cause
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FIG 1 Schematic illustration of the MERS-CoV spike glycoprotein and location of the receptor binding
domain (RBD)} polymorphisms. The MERS-CoV spike glycoprotein (MERS-S) consists of two subunits (51
and 52). The 51 subunit contains an N-terminal signal peptide (SP) and an RBD, which binds to the
receptor DPP4. The 52 subunit harbors the functional elements required for membrane fusion, a fusion
peptide (FP), and two heptad repeats (HR1 and HR2), as well as the transmembrane domain (TD) and a
cytoplasmic tail (CT). Below the scheme, the locations of the four amino acid polymorphisms investigated
in this study (L411F, F473S, D510G, and 1529T) are highlighted (bold letters).

mild respiratory disease. In addition, the betacoronaviruses severe acute respiratory
syndrome (SARS)- and Middle East respiratory syndrome (MERS)-CoV can be zoonoti-
cally transmitted from animals to humans (1). Camels serve as a natural reservoir for
MERS-CoV, and infected animals may exhibit mild respiratory symptoms (2, 3). In
contrast, transmission of MERS-CoV to humans induces fatal disease in about 36% of
the afflicted patients (4). Most MERS cases have been documented in the Middle East,
but the virus has been introduced into several other countries due to international
travel. At present, human-to-human transmission of MERS-CoV is inefficient. However,
massive MERS outbreaks have been observed in hospital settings (5). For instance, the
introduction of MERS-CoV into the Republic of Korea by a single infected traveler in
2015 resulted in 186 infections, including secondary, tertiary, and quaternary cases, and
38 deaths (6, 7). Whether the virus responsible for the Korean outbreak harbored
mutations that promoted human to human spread is incompletely understood.

The infectious entry of MERS-CoV into target cells is mediated by the viral spike
glycoprotein (MERS-S), which is incorporated into the viral envelope. MERS-S contains
a surface unit, 51, and a transmembrane unit, 52. The 51 subunit binds to the main
receptor, DPP4/CD26 (8), and the secondary receptor, sialic acids (9), while the S2
subunit facilitates fusion of the viral envelope with a cellular membrane. Membrane
fusion depends on prior proteolytic cleavage (activation) of the inactive S protein
precursor, S0, by host cell proteases. Specifically, the endosomal cysteine protease
cathepsin L (CatL) and the type Il transmembrane serine protease, TMPRSS2, located at
the plasma membrane can activate MERS-S (10-12). Sequence analysis revealed that
MERS-CoV variants observed during the Korean outbreak contained polymorphisms
D510G and 1529T and that the respective viral variants were transmitted to other
patients (13, 14). The D510G and 1529T polymorphisms are located in the receptor
binding domain (RBD) (Fig. 1), a portion of 51 that is required for binding to DPP4, and
one can speculate that they might increase viral fitness and/or transmissibility. How-
ever, counterintuitively, both D510G and 1529T were shown to decrease binding to
DPP4 and 1529T was shown to decrease MERS-5-driven entry into cells (14), and it is at
present unknown whether the virus benefits from these changes.
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Here we show that several parameters controlling efficiency of MERS-S-driven entry,
including sialic acid engagement and blockade by interferon (IFN)-induced transmem-
brane proteins (IFITMs), are not modulated by D510G and 1529T. Moreover, we confirm
that D510G and 1529T reduce DPP4 binding but show that this translates into reduced
entry only when small amounts of DPP4 are expressed. Finally, we demonstrate that
D510G and 1529T reduce sensitivity to antibody-mediated neutralization, suggesting
that these mutations might not alter viral transmissibility but might increase viral
spread in infected patients in the presence of an antibody response.

RESULTS

Polymorphisms D510G and 1529T in MERS-S of Korean patients reduce DPP4
binding but allow efficient entry into cells expressing large amounts of DPP4. We
first investigated whether polymorphisms identified during the Korean MERS outbreak,
D510G and 1529T (13, 14) (Fig. 1), are compatible with robust S protein expression and
S protein-driven host cell entry. For comparison, we analyzed polymorphisms found in
MERS-S from viruses from the Arabian Peninsula, L411F and F4735 (15-19) (Fig. 1); these
changes had previously not been investigated for their impact on MERS-S-driven entry.
For our analyses of MERS-S-mediated entry, we employed a previously described
vesicular stomatitis virus (VSV)-based pseudotyping system (20), which faithfully mimics
central aspects of MERS-CoV entry into target cells (21).

Analysis of 293T cells transfected to express the S proteins under study followed by
immunoblot and signal quantification revealed that wild-type (WT) MERS-S and all S
protein variants were comparably expressed (Fig. 2A). Similarly, all S proteins were
proteolytically processed (Fig. 2A, top), in agreement with the finding that furin
processes the S protein in MERS-5-transfected and MERS-CoV-infected cells. Finally, all
S protein mutants were efficiently incorporated into VSV particles, although incorpo-
ration of mutant F4735S was slightly reduced compared to that of MERS-S WT (Fig. 2B).
Thus, the polymorphisms studied did not impact S protein expression, proteolytic
processing, or, with the exception of mutant F473S, incorporation into VSV particles.

Next we analyzed whether the polymorphisms impacted entry into the colon-
derived cell line Caco-2, the African green monkey kidney cell line Vero E6, and the
human adrenal gland-derived cell line 293T (either control transfected or transfected
with DPP4 expression plasmid [293T + DPP4]). These cell lines were chosen for analysis
because they are permissive to MERS-CoV infection and were previously used to study
host cell interactions of MERS-CoV (22-25). The selected cell lines were highly permis-
sive to transduction by rhabdoviral particles harboring VSV glycoprotein (VSV-G; pos-
itive control), while transduction by particles bearing no glycoprotein (negative control)
was within background levels, as expected (Fig. 3A). Changes L411F and F473S ob-
served in MERS-CoV from humans and camels in the Middle East had no effect on
transduction efficiency. In contrast, changes 1529T and, to a lesser degree, D510G
observed in Korean MERS patients reduced entry into Vero E6 and 293T cells (Fig. 3A)
and diminished binding to DPP4 (Fig. 3B), in agreement with published data (14).
However, these mutations had only a modest effect on transduction of Caco-2 and
293T cells expressing saturating amounts of DPP4 (293T + DPP4), respectively (Fig. 3A
and data not shown). The finding that directed expression of DPP4 could largely rescue
the inhibitory effect of D510G and 1529T on transduction of 293T cells prompted us to
investigate whether the impact of these changes on S protein-driven entry was
dependent on the level of DPP4 expression. Indeed, quantitative reverse transcription-
PCR (Fig. 3C) and flow cytometry (Fig. 3D) revealed that Caco-2 and 293T + DPP4 cells,
which can be readily transduced by MERS-S D510G and 1529T variants, expressed
substantially higher levels of DPP4 than 293T and Vero E6 cells, which are not readily
susceptible to transduction mediated by S protein mutants D510G and 1529T (Fig. 3C
and D). Collectively, our results confirm that D510G and 1529T reduce S protein binding
to DPP4 but also suggest that this reduction translates into diminished S protein-driven
cell entry only when DPP4 expression is low.

1sanb Aq 6102 ‘0| |Udy uo /Bio wse Al diy wol) pepeojumoq

January 2019 Volume 93 Issue 2 e01381-18 jvi.asmorg 3

47



Manuscripts

Kleine-Weber et al. Journal of Virology
A) . B) MERS-S
60 6 QO 'ﬂ \Q 5;5 Q"‘.o G ‘Q \Q ﬂ,cs
& \ Whal o '\, AN A
T L EPE TS P
[kDa] [kDa]
1509 L ] 180 — Tt s S s e [~ S
100 H St A — 5] 100 - s — — — 8
0 FACTB 3 | e e e e e |- VSV-M

2

=

10

Relative Incorporation [%]
(compared to WT)

2

S M & & & & S
< "\d:*\%“'\k‘é\

& "
<@ gg:\ & \9‘\

MERS-S8 MERS-S

FIG 2 All MERS-S variants analyzed were robustly expressed and incorporated into rhabdoviral particles. (A,
top) Expression plasmids for the indicated S proteins or empty plasmid (control) were transfected into 293T
cells. Whole-cell lysates (WCL) were prepared from transfected cells, and S protein expression was analyzed
by SDS-PAGE and immunoblotting using anti-¥'5 antibody reactive against the V5 epitope at the C terminus
of the 5 proteins. Detection of B-actin (ACTB) served as a negative control. Similar results were obtained in
three separate experiments. (B, top) Expression plasmids for the indicated S proteins or empty plasmid
(control) were transfected into 293T cells and the cells were then used to produce rhabdoviral particles. The
particles were subsequently pelleted by centrifugation through a sucrose cushion and analyzed for S
protein expression by SDS-PAGE and immunoblotting. Detection of vesicular stomatitis virus matrix protein
(VSV-M) served as a loading control. (A and B, bottom) Immunoblots conducted for panels A (n = 3} and
B (n = 6) were subjected to quantitative analysis using Image) software. S protein signals were normalized
against the corresponding signals for ACTB or VSV-M, and expression and particle incorporation, respec-
tively, of MERS-S WT were set as 100%. For S proteins that yielded two bands (SO and 52), the two signals
were combined before normalization. Mean values are shown; error bars indicate SEMs. Statistical signif-
icance of differences in particle expression or incorporation efficiency between MERS-5S WT and variants was
analyzed by paired two-tailed Student r tests.

D510G and 1529T do not alter sialic acid dependency of viral entry. A recent
study showed that MERS-S can bind to sialic acids, glycans presented on plasma
membrane proteins and lipids, and that sialic acid engagement promotes S protein-
driven entry (9). We enzymatically removed sialic acids by neuraminidase (NA) treat-
ment to investigate whether the Korean polymorphisms or the polymorphisms found
in the Middle East impact sialic acid dependence. Neuraminidase treatment markedly
reduced influenza A virus hemagglutinin (HA)-driven entry but had no effect on entry
driven by VSV-G (Fig. 4), as expected. Moreover, entry driven by MERS-S WT and S
protein variants was comparably inhibited by neuraminidase treatment (Fig. 4), indi-
cating that none of the amino acid changes in MERS-S altered sialic acid dependence
of viral entry.

D510G and 1529T do not alter the choice of MERS-S activating host cell
protease, CatL and TMPRSS2 activate MERS-S in cell culture (10, 24}, and the activity of
TMPRSS2 or related enzymes is required for SARS-CoV spread in the host (26). There-
fore, we investigated whether the polymorphisms under study modulated the capacity
of MERS-S to employ CatL and TMPRSS2 for activation. For this, we first employed 293T
cells, which express endogenous CatL but not TMPRSS2 and allow MERS-S-driven entry
in a CatL-dependent fashion (10, 24). The cells were transfected with DPP4 plasmid and
either TMPRSS2 encoding or empty plasmid (control), incubated with the CatL inhibitor
MDL28170, and then analyzed for S protein-driven transduction. Incubation of control
cells with MDL28170 reduced entry driven by MERS-S WT and S protein variants, and
this effect was fully rescued by directed expression of TMPRSS2 (Fig. 5A). Next, we
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FIG 3 Polymorphisms found in the S proteins of Korean MERS patients allow robust entry into cells expressing large
amounts of DPP4. (A) Equal volumes of rhabdoviral particles harboring MERS-S WT, the indicated S protein mutants,
VSV-G (positive control), or no glycoprotein (negative control) were inoculated onto Caco-2, Vero E6, 293T, and
293T cells overexpressing DPP4. Transduction efficiency was quantified at 18 h posttransduction by measuring the
activity of virus-encoded luciferase in cell lysates. Transduction mediated by MERS-S WT was set as 100%. The
averages from three individual experiments performed with quadruplicate samples are shown; error bars indicate
SEMs. (B) 293T cells transfected to express the indicated viral proteins or empty expression vector (control) were
detached and incubated with human Fc-tagged, soluble DPP4 (solDPP4-Fc¢) and an Alexa Fluor 488-conjugated
anti-human antibody before DPP4 binding was quantified by flow cytometry. For normalization, binding of
solDPP4-Fc to MERS-5 WT was set as 100%. The results of a single representative experiment carried out with
triplicate samples are shown and were confirmed in a separate experiment. Error bars indicate SDs. (C) Total cellular
RNA was extracted from the indicated cell lines, reverse transcribed to ¢cDNA and DPP4 transcript levels were
analyzed by quantitative PCR in combination with the 2-24¢" method using ACTB as the housekeeping gene
control and 293T cells as a reference (DPP4 level was set as 1). The results of a single representative experiment
performed with triplicate samples are shown. Error bars indicate SDs. (D) Caco-2, Vero E6, and 293T cells (either
untransfected or transfected with expression plasmid for DPP4) were analyzed for DPP4 cell surface expression by

(Continued on next page)
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FIG 4 RBD polymorphisms do not modulate sialic acid dependence of MERS-S-driven host cell entry.
Caco-2 cells were preincubated with recombinant neuraminidase or were left untreated (control) before
being inoculated with rhabdoviral particles harboring MERS-S WT, the indicated S protein mutants,
influenza A virus (WSN, subtype HIN1) hemagglutinin and neuraminidase (WSN-HA/NA), or VSV-G.
At 18 h posttransduction, transduction efficiency was quantified by measuring the activity of virus-
encoded luciferase in cell lysates. For normalization, transduction efficiency of untreated cells was set as
100%. The combined data from three independent experiments performed with quadruplicate samples
are presented. Error bars indicate SEMs, and statistical significance was analyzed by paired two-tailed
Student t tests.

investigated S protein activation in Caco-2 cells, which express endogenous TMPRSS2
(27) and afforded the opportunity to visualize a potentially more subtle impact of the
S protein polymorphisms on activation by TMPRSS2. However, incubation of Caco-2
cells with rising concentrations of camostat mesylate, a TMPRSS2 inhibitor, comparably
reduced entry driven by MERS-S WT and S protein variants and had no effect on
VSV-G-mediated entry (Fig. 5B), as expected. These findings suggest that the polymor-
phisms under study did not compromise S protein activation by CatL and TMPRSS2 and
did not endow the S protein with the ability to use low levels of TMPRSS2 activity with
increased efficiency for S protein activation.

D510G and 1529T do not modulate IFITM sensitivity. Expression of IFITM proteins
is IFN inducible and inhibits MERS-5-driven entry into target cells (28), most likely at the
stage of membrane fusion. We investigated whether the S protein polymorphisms
under study modulated susceptibility of MERS-S-driven entry to blockade by IFITM
proteins. For this, we employed 293T cells stably expressing IFITM1, IFITM2, and IFITM3.
Expression of IFITM proteins had little effect on entry driven by the Machupo virus
glycoprotein (MACV-GPC), while both IFITM2 and IFITM3 markedly reduced entry by the
influenza A virus hemagglutinin (Fig. 6), in accordance with published data (28).
Moreover, expression of IFITM2 but not IFITM1 and IFITM3 diminished MERS-S WT-
mediated host cell entry, as expected, and similar effects were observed for the S
protein variants analyzed (Fig. 6). Finally, comparable results were obtained with 293T
cells transiently transfected with escalating amounts of IFTIM2 plasmid, although
variant F473S showed a slightly reduced IFITM2 sensitivity under these conditions (data
not shown). In sum, the RBD polymorphisms observed in Korean patients and MERS-
CoV from the Middle East did not markedly alter IFITM sensitivity of viral entry.

D510G and 1529T increase resistance to antibody-mediated neutralization. The
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antibody response significantly contributes to control of MERS-CoV infection in the
host. Therefore, we asked whether the polymorphisms under study impact antibody-

FIG 3 Legend (Continued)

flow cytometry using anti-DPP4 and Alexa Fluor 488-conjugated anti-mouse antibodies. For normalization, DPP4
surface expression in untransfected 293T cells was set as 1. The results of a single, representative experiment
performed with duplicate samples are shown; error bars indicate SDs. Similar results were obtained in two separate
experiments. Statistical significance was analyzed by paired (A) or unpaired (B to D) two-tailed Student t tests.
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FIG 5 RBD polymorphisms do not impact MERS-5 proteolytic activation. (A) 293T cells were transfected
with expression plasmid for DPP4 alone (gray bars) or in combination with expression plasmid for
TMPRSS2 (blue bars). At 24 h posttransfection, the cells were preincubated with dimethyl sulfoxide
(DMSO; control [filled bars]) or cathepsin L inhibitor (MDL28170 [bars with checkerboard filling]) before
being inoculated with rhabdoviral particles harboring MERS-S WT, the indicated S protein mutants, or
VSV-G. Transduction efficiency was quantified by measuring the activity of virus-encoded luciferase in cell
lysates at 18 h posttransduction. For normalization, luciferase activity measured for 293T cells overex-
pressing DPP4 and incubated with DMSO (filled gray bars) was set as 100%. (B) Caco-2 cells, for which
MERS-5-driven entry relies on TMPRSS2 instead of cysteine proteases, were preincubated with medium
containing water (control) or increasing concentrations of a TMPRSS2 inhibitor, camostat mesylate,
before being inoculated with rhabdoviral pseudotypes harboring MERS-S5 WT, the indicated S protein
mutants, or VSV-G. Transduction efficiency was quantified as described above. For normalization,
transduction levels in the absence of inhibitor were set as 100%. The averages of four (A) or three (B)
individual experiments performed with quadruplicate samples are shown. Error bars indicate SEMs.
Statistical significance of differences of the indicated data pairs (A) or between WT and mutant S proteins
(B} was analyzed by paired two-tailed Student t tests.

mediated neutralization. We focused our analysis on D510G and 1529T since these
changes modulated the efficiency of host cell entry. First, we tested whether D510G
and I529T alter inhibition of S protein-driven entry by the murine antibody F11, which
binds to an epitope encompassing amino acid 509, and macaque antibody JC57-14,
which recognizes an epitope including amine acid 535 (29). Indeed, exchange D510G
rendered MERS-S-driven entry insensitive to inhibition by F11, while 1529T reduced
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FIG 6 RBD polymorphisms do not change MERS-S sensitivity toward interferon-induced transmembrane
proteins. 293T cells stably expressing interferon-induced transmembrane proteins (IFITM1 to -3) or
chloramphenicol acetyltransferase (CAT; control} were transduced with rhabdoviral particles harboring
MERS-5 WT, the indicated S protein mutants, WSN-HA/NA, Machupo virus glycoprotein (MACV-GPC), or
no viral glycoprotein (negative control; data not shown). At 18 h posttransduction, transduction
efficiency was quantified by measuring the virus-encoded luciferase activity in cell lysates. For normal-
ization, transduction of control 293T-CAT cells was set as 100%. The averages from three individual
experiments performed with quadruplicate samples are shown. Error bars indicate SEMs, and statistical
significance was analyzed by paired two-tailed Student t tests.
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FIG 7 RBD polymorphisms increase resistance of MERS-S against antibody-mediated neutralization.
Rhabdoviral particles harboring MERS-S WT, the indicated MERS-S mutants, or VSV-G were preincubated
with increasing concentrations of MERS-S-specific monoclonal antibodies (mAb) that target different
epitopes in the RBD (F11 or JC57-14) (A) or different dilutions of serum from a MERS patient (C5553) (B)
or a single dilution {1:200) of sera from three different MERS patients (C5553 [data taken from panel B
for direct comparison], C5516, and C5523) (C) before being inoculated onto Caco-2 cells. Cells transduced
in the absence of mAb/serum served as controls. Transduction efficiency was quantified by measuring
the activity of virus-encoded luciferase in cell lysates at 18 h posttransduction. For normalization,
transduction in the absence of mAb/serum was set as 100%. The averages from three independent
experiments performed with quadruplicate samples are presented in panel A; error bars indicate SEMs.
Statistical significance of differences between transduction mediated by MERS-S WT and the S protein
mutants was analyzed by paired two-tailed Student t tests. The results of a single representative
experiment performed with triplicate samples are shown in panels B and C and were confirmed in a
separate experiment. Error bars indicate SDs.

blockade of S protein-driven entry by JC57-14 (Fig. 7A). These findings encouraged us
to investigate whether D510G and 1529T alter susceptibility of MERS-S-driven host cell
entry to inhibition by human sera obtained from MERS patients. For this, we studied
sera of three patients who had acquired MERS-CoV infection in the Middle East and
were admitted to German hospitals in Essen (serum (CS516), Osnabrick (CS553),
and Munich (C5523) (Table 1). One serum sample was of sufficient quantity for detailed
analysis (C5553), while the others could be tested only at a single dilution (CS516 and
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TABLE 1Information on the sera used in this study

Patient information?

Serum sample  Age (yrs) Origin® Hospital® Year Disease outcome Reference
CS516 45 Qatar Essen 2012 Recovered 50
€S523 73 UAE? Munich 2013  Deceased 51
5553 65 UAE# Osnabriick 2015 Deceased 52

<Al patients were male.

tCountry where the infection was acquired.
“German city where the patient was treated.
4UAE, United Arab Emirates.
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CS523). Remarkably, MERS-S harboring polymorphism D510G showed a significantly
increased resistance against neutralization by one serum sample (C5516), and poly-
morphism 1529T diminished neutralization by two sera (C5516 and CSS53 [Fig. 7B and
C1). Finally, neither mutation had any impact on neutralization by serum sample C5523.
However, the overall neutralizing activity of this particular serum sample was reduced
compared to those of the other sera tested and might have been too low to allow for
differential neutralization of MERS-S WT and mutants D510G and 1529T. In summary,
our results suggest that increased resistance against humoral immune responses might
have driven the emergence of the D510G and 1529T variants.

DISCUSSION

The large MERS outbreak within hospitals in the Republic of Korea in 2015 raised the
question of whether viral variants with increased transmissibility might have been
responsible. Indeed, the majority of patients in Korea harbored viruses with at least one
unique mutation in the RBD, D510G and/or I1529T (13, 14). Unexpectedly, these muta-
tions reduced DPP4 binding and viral entry (14), raising the question of whether they
were beneficial to the virus. We found that D510G and [1529T were compatible with
robust S protein-driven entry into cells expressing large amounts of DPP4 and con-
ferred resistance against antibody-mediated neutralization. These findings support the
previously proposed concept that escape from antibody responses might shape MERS-
CoV evolution and might come at the cost of reduced DPP4 binding (30). However, they
also suggest that diminished DPP4 binding may not compromise the ability of MERS-
CoV to spread in target cells expressing robust levels of DPP4.

The MERS outbreak in the Republic of Korea was initiated by a single infected
traveler, comprised 186 cases and 38 deaths, and encompassed primary, secondary,
tertiary, and quaternary infections (6, 7). The case-fatality rate was roughly 20% and was
thus lower than that reported for MERS patients in the Middle East. This may have
various reasons, including differences in patient care and virulence of the MERS-CoV
strains responsible for the outbreaks (14). The 1529T mutation has been detected in 72%
of patients in Korea examined by one study and might have already been present in the
index patient (14). Similarly, the S protein sequences from 26 out of 38 patients
deposited in the virus variation database (https://www.ncbi.nlm.nih.gov/genome/
viruses/variation/) contain the 1529T change. Moreover, viruses harboring this mutation
established secondary, tertiary, and quaternary infections (13, 14). In contrast, the
D510G mutation was present in only 8% of patients analyzed in a previous study, and
6 out of 38 S protein sequences (16%) deposited in the virus variation database
contained this exchange. Kim and colleagues reported that D510G and particularly
1529T diminish binding of MERS-S to DPP4 and reduce entry into 293T cells transfected
to express DPP4 (14). Moreover, structural evidence that these mutations disturb the
interface between DPP4 and MERS-S was presented (14). However, it remained unclear
whether these mutations may also aid virus spread under certain conditions.

Binding of MERS-S to DPP4 is essential for infectious host cell entry (8), and DPP4/S
protein interactions are an important determinant of MERS-CoV species tropism (31).
Moreover, patients with chronic lung disease were shown to express increased levels of
DPP4 (32, 33) and are known to be at augmented risk of developing fatal MERS (34),
suggesting that DPP4 levels expressed under physiologic conditions might limit viral
spread in patients. Therefore, we investigated whether the previously reported nega-
tive effect of D510G and 1529T on MERS-S-driven entry was dependent on DPP4
expression levels. Our results show that this is indeed the case: both mutations
markedly reduced entry into 293T cells, which expressed low levels of endogenous
DPP4 mRNA and protein, but had little effect on entry into Caco-2 cells, which express
large amounts of DPP4. Robust expression of DPP4 has been detected in viral target
cells in the human respiratory epithelium, type | and type Il pneumocytes and alveolar
macrophages (8, 32), and it is thus conceivable that WT virus and virus bearing D510G
or 15297 infect these cells with comparable efficiencies in the lung of MERS patients.
Finally, one can speculate that engagement of attachment-promoting factors ex-
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pressed in viral target cells in the human respiratory tract but not the cell lines studied
here might allow mutants D510G and 1529T to compensate for reduced DPP4 binding
and to enter cells with the same efficiency as WT virus.

The proteolytic activation of MERS-S by host cell proteases is essential for MERS-5-
driven entry into target cells (35). Therefore, we addressed whether D510G and 1529T
might augment viral spread by promoting S protein activation or by changing the
choice of S protein-activating protease. Two interconnected routes have been de-
scribed for MERS-S activation. Upon binding to DPP4, either the virus may be transported
into host cell endosomes, where the S protein is activated by cathepsin L, or the S protein
may be activated at the cell surface by TMPRSS2 (10, 11, 24). Notably, the choice between
CatL and TMPRSS2 might be determined by S protein processing in the infected cell: S
protein cleavage by furin in infected cells seems to be indispensable for subsequent
DPP4-induced conformational changes in the S protein that are in turn essential for
activation by TMPRSS2 (36). The present study demonstrates that D510G and 1529T
impact neither S protein cleavage by furin nor S protein activation by TMPRSS2 or CatL.
This finding may not be unexpected since both residues are located distant to the two
sites believed to be important for S protein processing and activation, R751 (51/52 site)
and R887 (52’ site).

Several cellular factors can modulate the efficiency of MERS-S-driven entry into cells,
raising the question of whether D510G and 1529T might alter their effects in a way that
promotes viral spread. The DPP4 ligand adenosine deaminase, which is highly ex-
pressed in lymphoid tissue and constitutes a component of the purine salvage pathway
(37), has been shown to compete with MERS-S for DPP4 binding and to block MERS-
S-driven entry into target cells (31). Moreover, the IFN-induced transmembrane proteins
IFITM2 and, to a lesser degree, IFITM3 were demonstrated to block MERS-S-driven entry,
at least upon overexpression (28). Finally, MERS-S has been shown to bind to a
coreceptor, sialic acid, which promotes viral entry into target cells (9). Our results
indicate that D510G and 1529T do not impact the above-named processes, suggesting
that both mutations might affect neither viral attachment to cells nor the membrane
fusion reaction.

The spike protein is the key target of neutralizing antibodies, and such antibodies
are detected with high frequency in convalescent MERS patients who have survived
severe disease (18, 38-40). Neutralizing antibodies can be directed against the RBD and
interfere with viral entry by blocking DPP4/S protein interactions. A previous study
conducted with cell culture systems found that MERS-CoV can acquire mutations that
allow escape from RBD-targeting neutralizing antibodies but also provided evidence
that such mutations might come at the cost of decreased DPP4 binding and viral fitness
(30). Such a scenario generally matches our findings that D510G and 1529T render the
S protein at least partially resistant against neutralization by monoclonal antibodies and
sera from MERS patients and reduce DPP4 binding. However, our results also allow the
speculation that reduced DPP4 binding might not necessarily translate into reduced
viral spread in host cells expressing high levels of DPP4. This possibility awaits confir-
mation with infectious MERS-CoV and primary target cells. Nevertheless, it would be in
keeping with the observation that viruses harboring the 1529T change were robustly
transmitted between patients during the MERS outbreak in the Republic of Korea (14),
although the 1529T change did not provide the virus with an advantage in the absence
of humoral responses. Finally, our finding that single point mutations in MERS-S can
increase resistance to antibody-mediated neutralization highlights the need to develop
vaccines and therapeutics that simultaneously target multiple epitopes in MERS-S.

Collectively, our findings and previous work suggest that MERS-CoV variants with at
least partial resistance to antibody-mediated neutralization can retain high infectivity
for cells expressing robust amounts of DPP4 and can spread between humans.
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MATERIALS AND METHODS

Plasmids. We employed expression plasmids encoding the VSV glycoprotein (VSV-G) (41), Machupo
virus glycoprotein (MACV-GPC) (42) (kindly provided by M. Farzan), influenza A virus strain A/WSN/33
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(H1N1) hemagglutinin and neuraminidase (WSN-HA/NA) (43), and WT MERS-5 (10), which have been
described elsewhere. In addition, we employed overlap extension PCR to generate MERS-S mutants
harboring single (L411F, F4735, D510G, and 1529T) mutations in the RBD (primer sequences and detailed
information on the cloning procedure are available upon request). For all 5 proteins, we also generated
versions containing a C-terminal V5 epitope for detection by immunoblotting. Expression plasmids for
TMPRSS2 N-terminally fused to a cMYC epitope and DPP4 N-terminally fused to DsRed (EU827527.1 and
DsRed-DPP4) were constructed by amplifying the genetic information from existing expression plasmids.
and cloning the respective open reading frame (ORF) into the pQCXIP plasmid (kindly provided by A. L.
Brass). For the TMPRSS2 expression vector, we further exchanged the selection marker for puromycin
resistance by that for blasticidin resistance, which was taken from plasmid pcDNA6/TR vector (8, 44). All
PCR-amplified sequences were subjected to automated sequence analysis (Microsynth SeqlLab) to verify
their integrity.

Cell culture. 293T (human) and Vero E6 (African green maonkey) cells were cultivated in Dulbecco’s
modified Eagle's medium (DMEM; PAN-Biotech). In addition, the human colorectal adenocarcinoma cell
line Caco-2 was grown in minimum essential medium (MEM; Thermo Fisher Scientific). 293T cells stably
expressing IFITMs or chloramphenicol acetyltransferase (CAT), 293T-IFITM1, 293T-IFITM2, 293T-IFITM3,
and 293T-CAT (45), were cultivated as for the parental 293T cell line with the exception that they
additionally received 0.5 ug/ml of puromycin (Biomol). All media were supplemented with 10% fetal
bovine serum (FBS; PAN-Biotech) as well as 1x penicillin and streptomycin from a 100X stock solution
(PAN-Biotech). All cell lines were cultivated in a humidified atmosphere at 37°C and 5% CO,. Transfection
of 293T cells was performed by calcium phosphate precipitation.

Protease inhibitors. We employed inhibitors targeting cathepsin L and related proteases
(MDL28170; Sigma-Aldrich) or TMPRSS2 and related proteases (camostat mesylate; Sigma-Aldrich). Target
cells for transduction experiments were treated with the respective inhibitor (specific concentrations are
indicated in the legends of the respective figures) for 2h prior to inoculation with rhabdoviral trans-
duction vectors.

Neuraminidase treatment of target cells. To remove terminal sialic acids from macromolecules on
the cell surface, target cells were preincubated with 100 mU of recombinant neuraminidase (Sigma-
Aldrich) for 2 h before being inoculated with rhabdoviral transduction vectors.

Production of rhabdoviral transduction vectors and transduction of target cells. We employed
rhabdoviral transduction vectors (pseudoparticles/pseudotypes) based on a replication-deficient vesic-
ular stomatitis virus that lacks the genetic information for VSV-G but contains ORFs for enhanced green
fluorescent protein (eGFP) and firefly luciferase (fLuc), VSV*AG-fLuc (46). For production of VSV-based
pseudotypes (V5Vpp), 293T cells were transfected with expression plasmids for MERS-5 WT, mutant
MERS-S harboring RBD polymorphisms, MACV-GPC, HIN1(WSN)-HA/NA, VSV-G (positive control) or
empty expression vector (negative control). At 24 h posttransfection, cells were inoculated with VSV-G-
transcomplemented VSV*AG-fLuc (Indiana strain, kindly provided by G. Zimmer) at a multiplicity of
infection of 3 and incubated for 1 h at 37°C and 5% CO,. Next the inoculum was removed, cells were
washed with phosphate-buffered saline (PBS), and standard culture medium which contained anti-VSV-G
antibody (11, mouse hybridoma supernatant from CRL-2700; ATCC) was added to neutralize residual
input virus (cells transfected with V5V-G expression plasmid received culture medium without anti-VSV-G
antibody). The cells were further incubated for 24 h before the supernatant was harvested, freed from
cellular debris by centrifugation (3,000 X g for 10min), and either stored at —80°C or used for
transduction experiments. For the latter, target cells were grown in 96-well plates. If necessary, target
cells were previously transfected with expression plasmids for DsRed-DPP4 and/or TMPRSS2 (24 h in
advance) or were pretreated with protease inhibitors or neuraminidase (2 h in advance). For transduction,
the culture medium was aspirated and the rhabdoviral transduction vectors were added to the cells.
Transduction efficiency was quantified by measuring the virus-encoded fLuc activity in cell lysates using
commercial kits (Beetle Juice; PJK) and a plate luminometer (Hidex, Turku, Finland) as described
elsewhere (47).

Analysis of MERS-S expression and incorporation into VSVpp. 293T cells were transfected with
expression plasmids for C-terminally V5-tagged versions of the MERS-S WT or MERS-S mutants or were
control transfected with empty plasmid (negative control). At 48 h posttransfection, the culture super-
natant was removed, cells were washed with PBS, and whole cells lysates (WCL) were prepared as follows.
First, 2X5DS sample buffer (0.03M Tris-HCI, 10% glycerol, 2% SDS, 5% beta-mercaptoethanol, 0.2%
bromophenol blue, 1 mM EDTA) was added to the cells, which were then incubated for 10 min before the
sample was transferred to 1.5-ml reaction tubes and heated to 95°C for additional 10 min. For analysis
of S protein incorporation into VSV particles, the respective culture supernatants were pelleted by
high-speed centrifugation (25,000 X g, 120 min, and 4°C) through a 20% (wt/vol) sucrose cushion, mixed
with 2 SDS sample buffer, and heated to 95°C for additional 10 min. Following SDS-PAGE, proteins were
transferred onto nitrocellulose membranes (Hartenstein GmbH) by immunoblotting. The membranes
were then blocked by incubation in 5% skim milk in PBS-0.5% Tween 20 (PBS-T) for 30 min at room
temperature (RT) and then incubated with primary antibody solution (anti-V5, anti-ACTB, or anti-VSV-M})
overnight at 4°C. Next membranes were washed with PBS-T and further incubated with secondary
antibody solution (anti-mouse-horseradish peroxidase [HRP]) for 1 h at RT. After additional washing steps,
the membranes were finally developed using an in house-made chemiluminescence reagent in combi-
nation with the ChemoCam imaging system and ChemoStar Professional software (Intas Science Imaging
Instruments GmbH). For quantification of the signal intensity, the program Image) (FLJl distribution) (48)
was used. S protein signals detected in the WCL and supernatants were normalized against the
respective signals of the loading control, either ACTB or VSV-M.
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Antibodies for protein detection in immunoblot analysis. The following antibodies were used as
primary antibodies: anti-V5 (mouse, 1:1,000; Thermo Fisher Scientific), anti-g-actin (ACTB, mouse, 1:1,000;
Sigma-Aldrich), and anti-VSV-M (mouse, 1:1,000; Kerafast). As a secondary antibody, an HRP-coupled
anti-mouse antibody was used (goat, 1:5,000; Dianova). All antibodies were diluted in PBS-T (Carl Roth)
and 5% skim milk (Carl Roth).

Analysis of MERS-S/DPP4 interaction and DPP4 surface expression by flow cytometry. For the
detection of MERS-5/DPP4 interaction, 293T cells were transfected with expression plasmids for MERS-S
WT, MERS-S mutants, or VSV-G or empty plasmid (both negative controls). At 48 h posttransfection, the
cells were washed with PBS and then resuspended in 1% bovine serum albumin (BSA)-PBS. Next, the cells
were pelleted by centrifugation (5 min at 600 X g at 4°C) and resuspended in 1% BSA-PBS containing
soluble DPP4 equipped with a C-terminal human Fc tag (solDPP4-Fc, 1:200; ACROBiosystems). After
incubation for 1 h at 4°C, the cells were washed with 1% BSA-PBS and then resuspended in 1% BSA-PBS
containing an Alexa Fluor 488-conjugated anti-human antibody (1:500; Thermo Fisher Scientific). After
another incubation period (as described above), cells were washed with 1% BSA-PBS, fixed with 4%
paraformaldehyde solution, and analyzed by flow cytometry as described below. For the analysis of DPP4
surface expression by flow cytometry, 293T (untransfected or transfected with expression plasmid for
DPP4), Caco-2, and Vero E6 cells were detached by resuspension in 1% BSA-PBS (293T cells) or by
incubation in citric saline (PBS containing 0.135 M potassium chloride and 0.015 M sodium citrate; Caco-2
and Vero E6 cells). Cells were then pelleted and washed as described above, successively incubated with
anti-DPP4 (mouse, 1:200; Abcam) and Alexa Fluor 488-conjugated anti-mouse (goat, 1:500; Thermo Fisher
Scientific) antibodies, and fixed. Finally, all samples were analyzed using an LSR Il flow cytometer and the
FACS Diva software (both from BD Biosciences). For further data analysis, FCS Express 4 Flow research
software (De Novo software) was employed.

Quantification of DPP4-specific transcript levels by qPCR. Total cellular RNA was extracted from
2937, Caco-2, and Vero E6 cells using the RNeasy minikit (Qiagen) according to the manufacturer's
instructions. Then 1 g of RNA was treated with DNase (New England BioLabs) and reverse transcribed
into cDNA using the SuperScript Il first-strand synthesis system (Thermo Fisher Scientific), both following
the manufacturers’ specifications. Subsequently, 1 ul of each sample was subjected to quantitative PCR
(qPCR) using the QuantiTect SYBR green PCR kit (Qiagen) and a Rotor-Gene Q platform (Qiagen). All
samples were analyzed for S-actin (housekeeping gene control) and DPP4 (gene of interest) transcripts
in triplicates. Finally, data were analyzed based on the threshold cycle (2-24¢7) method (49) using 293T
cells as a reference.

Neutralization experiments. Rhabdoviral transduction vectors harboring MERS-S WT, MERS-S mu-
tants, or VSV-G were normalized for comparable transduction of Caco-2 cells (—105 luminescent
counts/s), incubated for 30 min at RT with increasing concentrations of monoclonal antibodies targeting
distinct epitopes within the MERS-S RBD, JC57-14 (targeting an epitope around amino acid residue 535
in MERS-S, isolated from vaccinated nonhuman primates [PDB code 6C6Y]) and F11 (targeting an epitope
around amino acid residue 509 in MERS-S, isolated from vaccinated mice) (29) or with different dilutions
of serum from a MERS patient who traveled from the Arabian Peninsula to Germany. Furthermore, sera
from two additional MERS patients, CS516 and CS523, were tested at a dilution of 1:200 (since the
amount of those sera was limited, they were tested at a fixed dilution). Please see Table 1 for further
information on the sera and the patient histories. Afterwards, the mixtures of YSVpp and antibodies/
serum were inoculated onto Caco-2 cells that were further incubated at 37°C and 5% CO,. At 18h
posttransduction, transduction efficiency was quantified (as described above). For normalization, trans-
duction efficiency of rhabdoviral transduction vectors that were incubated in the absence of antibodies/
serum was set as 100%.

Statistical analysis. If not stated otherwise, unpaired or paired, two-tailed Student t tests were
performed to test statistical significance of data originating from single representative or multiple
combined experiments, respectively. In figures, statistical significance is represented as follows: =,
P =0.05; ** P=001; ***, P=0.001; and ns, not significant.
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ARTICLEINFO ABSTRACT

Keywaords: The highly pathogenic Middle East respiratory syndrome (MERS)-related coronavirus (CoV) is transmitted from
MERS-coronavirus dromedary camels, the natural reservoir, to humans. For at present unclear reasons, MERS cases have so far only
Spike been observed in the Arabian Peninsula, although MERS-CoV also circulates in African dromedary camels. A
Entry recent study showed that MERS-CoV found in North/West- (Moroceo) and West-African (Burkina Faso and

Dromedary camel
Zoonaosis

Nigeria) dromedary camels are genetically distinct from Arabian viruses and have reduced replicative capacity in

human cells, potentially due to amino acid changes in one or more viral proteins. Here, we show that the spike
(S) proteins of the prototypic Arabian MERS-CoV strain, human betacoronavirus 2¢ EMC/2012, and the above
stated African MERS-CoV variants do not appreciably differ in expression, DPP4 binding and ability to drive
entry into target cells. Thus, virus-host-interactions at the entry stage may not limit spread of North- and West-
African MERS-CoV in human cells.

1. Introduction

The Middle East respiratory syndrome-related coronavirus (MERS-
CoV) causes the severe lung disease MERS (Zaki et al., 2012), which
takes a fatal course in roughly ~35% of infected patients (WIIO, 2019).
MERS-CoV is endemic in the Middle Fast, where the virus is transmitted
from dromedary camels, the natural reservoir, to humans (Perera et al.,
2013; Reusken et al., 2013). Human-to-human transmission is in-
efficient but resulted in several hospital outbreaks of MERS (Assiri
et al., 2013; Harriman et al., 2013; Memish et al., 2013), and there is
concern that the virus may adapt to humans and cause a pandemic.

Infection of dromedary camels with MERS-CoV is not limited to the
Middle East. African camels are frequently infected with MERS-CoV (Al
et al., 2017a, 2017b; Chu et al., 2014, 2015, 2018; Corman et al., 2014;
Deem et al., 2015; Kiambi et al., 2018; Miguel et al., 2017; Ommeh
et al, 2018; Perera et al.,, 2013; Reusken et al, 2013, 2014; van
Doremalen et al, 2017) and the responsible viruses are genetically
distinet from those circulating in the Middle East (Chu et al., 2018;
Kiambi et al., 2018; Ommeh et al., 2018). Moreover, viruses isolated
from animals in Morocco, Nigeria and Burkina Faso form a distinet
phylogenetic subclade, C1, and exhibit reduced ability to replicate in
human respiratory cells (Chu et al., 2018). In addition, MERS-CoV
transmission from camels to humans has not been observed in North-
and West-Africa (Munyua et al., 2017; So et al,, 2018), although two

livestock handlers in Kenya were shown to harbor antibodies against
MERS-CoV (Liljander et al, 2016), Moreover, no MERS cases were
documented in Africa. At present, the barrier(s) impeding efficient
spread of African MERS-CoV in human cells and camel-human trans-
mission of these viruses remain to be identified.

The MERS-CoV spike protein (S) is incorporated into the viral en-
velope and facilitates viral entry into target cells (Li, 2016). For this, the
S protein binds to the cellular receptor dipeptidyl peptidase 4 (DPP4,
CD26) (Raj et al., 2013) via its surface unit, S1, and fuses the viral
membrane with a target cell membrane via its transmembrane unit, S2
(Li, 2016). Binding of MERS-S to DPP4 is essential for MERS-CoV in-
fection of cells and DPP4 expression and the S protein/DPP4 interface
are major determinants of MERS-CoV cell and species tropism (Raj
et al., 2013; van Doremalen et al., 2014). The S proteins of North- and
West-African MERS-CoV of the C1 clade harbor 6-9 amino acid sub-
stitutions relative to MERS-CoV (Fig. 1A, Table 1) and these substitu-
tions might reduce S protein-driven entry into target cells. However,
this possibility has not been examined so far.

2. Results
We employed a previously described vesicular stomatitis virus

(VSV)-based pseudotyping system to study MERS-S-driven host cell
entry (Kleine-Weber et al.,, 2018, 2019). Pseudotyping systems are
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Fig. 1. S proteins of North/West- and West-
African MERS-CoV isolates from dromedary ca-
mels are robustly expressed in human cells and
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known to adequately model key aspects of the coronavirus entry pro-
cess. In order to study host cell entry driven by S proteins from the C1
subclade, we employed PCR-based mutagenesis to generate expression
constructs for the S proteins of MERS-CoV from Morocco (camel/Mor-
occo/CIRAD-HKU213/2015, MO), Nigeria (camel/Nigeria/NV1657/
2016, NI) and Burkina Faso (camel/Burkina Faso/CIRAD-HKU785/
2015, BF), using a published expression construct for MERS-CoV EMC §
protein as template (Kleine-Weber et al., 2018, 2019). Moreover, ex-
pression constructs for all § proteins were generated that encoded a C-
terminal V5 antigenic tag. Western blot analysis of cells transfected to
express the § proteins under study revealed that MERS-S EMC, MO, NI
and BF were expressed and proteolytically processed to comparable
levels (Fig. 1B). Moreover, these S proteins were incorporated into VSV
particles with similar efficiency (Fig. 1C). These results suggest that
mutations present in North- and West-African MERS-S of the C1 sub-
clade do not reduce S protein expression and proteolytic processing in
human cells.

‘We next asked whether DPP4 binding of North- and West-African
MERS-S was altered. For this, 293T cells transfected to express the S
proteins under study were incubated with soluble DPP4 fused to the Fc
portion of human immunoglobulin and binding was quantified by flow
cytometry, as described previously (Kleine-Weber et al., 2019). The
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VSVpp

results showed that MERS-S EMC, MO, NI, and BF bound to DPP4 ro-
bustly and with comparable efficiency while DPP4 binding to cells ex-
pressing no S protein was within the background range (Fig. 2). Finally,
we tested whether the robust binding to DPP4 translated into efficient S
protein-driven entry. For this, cell lines were selected that were shown
to express low levels (293T), intermediate levels (Vero 76) or high le-
vels of DPP4 (Caco-2, 293T + DPP4) (Kleine-Weber et al., 2019).
MERS-S MO, NI and BF mediated entry into all cell lines with at least
the same efficiency as MERS-S EMC (Fig. 3). Moreover, under condi-
tions of low or medium DPP4 expression, entry mediated by MERS-S
MO and BF was even more efficient than entry mediated by MERS-S
EMC (Fig. 3), although these differences were not statistically sig-
nificant.

3. Discussion

Our results show that amino acid substitutions present in North- and
West-African MERS-S proteins relative to MERS-S EMC do not com-
promise S protein expression in human cells, at least when transfected
cells are examined. Similarly, proteolytic processing of the S proteins in
the constitutive secretory pathway, which is known to be carried out by
furin (Gierer et al., 2015; Millet and Whittaker, 2014), was not
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Table 1
Amino acid variations between MERS-S EMC and the S proteins of MERS-CoV of
North/West- and West-African dromedary camels.

S protein Variation®  Localization”
MERS-5 MO camel/Morocco/CIRAD-HKU213/2015 V26A §1/n/a
GenBank: MG923469.1 AB9S 81 /n/a
T4241 §1 / RBD
5856Y 82/ n/a
R8B4L $2 / PS(827)
Al1588 82 /n/a
V1209L 82 /n/a
MERS-S NI camel /Nigeria/NV1657 /2016 GenBank: V26A 81 /n/a
MG923475.1 H167Y 81 /n/a
H194Y 81 /n/a
L495F §1 / RBD
L588F §1 / RBD
5856Y 82 /n/a
Al158L 82 /n/a
L1200F 82 /n/a
MERS-S BF camel/Burkina Faso/CIRAD-HKU785/ V26A 81/ n/a
2015 GenBank: MG923471.1 AB9S 81 /n/a
H194Y 81 /n/a
T4241 §1 / RBD
5856Y 82 /n/a
Al1158% 82 /n/a

# Amino acid position (numbering according to MERS-S EMC).

® Subunit / Functional domain (if applicable); Abbreviations: §1 = S1 sub-
unit; $2 = $2 subunit; RBD = receptor binding domain, PS(S2") = priming site
at the S2’ position (884-RSAR-887), n/a = not applicable.
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Fig. 2. § proteins of North/West- and West-African MERS-CoV isolates from
dromedary camels efficiently bind to DPP4. 293T cells expressing the indicated
S proteins or no S protein at all (Control) were successively incubated with
soluble DPP4 containing a C-terminal Fc tag (sol-DPP4-Fc) and AlexaFluor488-
conjugated anti-human antibody, before DPP4 binding to the respective S
protein was analyzed by flow cytometry. Presented are the combined data of
three independent experiments for which sol-DPP4-Fc binding to MERS-S EMC
was set as 100%. Error bars indicate the standard error of the mean (SEM).
Statistical significance was tested by one-way analysis of variance with Sidak's
posttest (p > 0.05, not significant, ns; p = 0.01, **).

appreciably altered. Moreover, binding of North- and West-African §
proteins to DPP4 was not diminished as compared to MERS-S EMC,
despite the presence of at least one substitution in the receptor binding
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domain (RBD) in each S protein tested. This finding might not be un-
expected since the substituted amino acid residues do not make direct
contact with residues in DPP4 (Lu et al., 2013). In keeping with these
observations, all African § proteins mediated robust viral entry into
non-human primate (Vero 76) and human cell lines (293T, Caco-2)
expressing different levels of DPP4 (Kleine-Weber et al., 2019). In fact,
MERS-S MO- and BF-driven entry into cell lines expressing low or in-
termediate levels of DPP4 was augmented as compared to MERS-S EMC,
in keeping with these S proteins showing slightly enhanced DPP4
binding as compared to MERS-S EMC. Finally, it is noteworthy that
MERS-S activation in Caco-2 cells mainly depends on the cellular serine
protease TMPRSS2 while activation in 293T and Vero 76cells is
mediated by the cellular cysteine protease cathepsin L (Kleine-Weber
et al, 2018, 2019). Thus, North- and West-African MERS-S proteins
seem to be able to use both pathways available for S protein activation
in human cells.

Confirmation of our findings with authentic viruses is pending and
we cannot exclude that, for instance, the S protein modulates recogni-
tion of the virus by sensors of the interferon system, which cannot be
measured with the assays available to us. Moreover, we note that a
recent study examining two MERS-S sequences (C2 subclade) from
camels in Ethiopia demonstrated that these sequences, when inserted
into MERS-CoV EMC, reduced viral entry and replication and increased
sensitivity to antibody-mediated neutralization (Shirato et al., 2019).
The reduction in entry was observed for Vero and to a lesser degree for
Vero-TMPRSS2 cells and was generally modest. Nevertheless, these
results suggest that S proteins from viruses circulating in Ethiopia might
harbor mutations that diminish entry into human cells and that are not
present in the MERS-S proteins studied here. Amino acid residues 1139,
L515, E851 and $1302 in the spike protein are unique to Fthiopian
MERS-CoV and warrant further analysis.

Collectively, our results suggest that amino acid substitutions pre-
sent in the S proteins of North- and West-African MERS-CoV do not
compromise the ability of these viruses to enter human cells. Thus,
future efforts to understand why North- and West-African MERS-CoV
isolates show reduced replicative potential in human cells should be
focused on other aspects of the MERS-CoV lifecycle than S protein-
mediated host cell entry.

4. Materials and methods
4.1. Plasmids

Expression plasmids, based on the vector pCAGGS, for VSV-G and
MERS-S EMC were previously described (Kleine-Weber et al., 2018,
2019). The MERS-S EMC plasmid was used as template for PCR-based
mutagenesis to introduce the mutations found in MERS-S MO (Morocco,
camel/Morocco/CIRAD-HKU213/2015, GenBank: MG923469.1), NI
(Nigeria, camel/Nigeria/NV1657/2016, GenBank: MG923475.1) and
BF (Burkina Faso, camel/Burkina Faso/CIRAD-HKU785/2015, Gen-
Bank: MG923471.1) (Table 1). In addition, PCR-based mutagenesis was
used to equip the constructs with a C-terminal V5 antigenic tag. The
integrity of all sequences was verified using automated sequence ana-
lysis.

4.2. Cell culture

293T (human embryonal kidney) and Vero 76 (African green
monkey kidney) cells were cultivated in Dulbecco's modified Eagle's
medium (DMEM; PAN Biotech). The human colorectal adenocarcinoma
cell line Caco-2 was grown in Minimum Essential Media (MEM, Life
Technologies). All media were supplemented with 10% fetal bovine
serum (FBS, PAN Biotech) and 1x penicillin and streptomycin from a
100x stock solution (Pan Biotech). The cells were incubated under
humid conditions at 37°C and 5% COs. For transfection of 293T cells
the calcium-phosphate precipitation method was used.
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4.3. Antibodies and DPP4-Fc fusion protein

For Western blot analysis, anti-V5 (mouse, 1:2,500; ThermoFisher
Scientific), anti-B-actin (mouse, 1:2,500; Sigma-Aldrich), anti-VSV-M
(mouse, 1:2,500; Kerafast) were used as primary antibodies and anti-
mouse HRP (horse radish peroxidase) conjugated antibody (goat,
1:2,500; Dianova) was used as secondary antibody. Antibodies were
diluted in phosphate buffered saline [PBS] containing 0.5% Tween 20
[PBS-T] supplemented with 5% skim milk powder. For flow cytometry,
a recombinant fusion protein of the ectodomain of DPP4 fused to the Fe
fragment of human immunoglobulin  (sol-DPP4-Fe,  1:200,
ACROBiosystems) and an AlexaFlour488-conjugated anti-human anti-
body (goat, 1:500; ThermoFisher Scientific) were used (ligand and
antibody were diluted in PBS containing 1% bovine serum albumin).

4.4. Imnumoblot analysis of MERS-S expression and particle incorporation
For analysis of S protein expression, 293T cells were transfected
with expression plasmid for MERS-S proteins harboring a C-terminal V5

tag, as described (Kleine-Weber et al,, 2018, 2019). To investigate
MERS-S incorporation into VSVpp, equal volumes of supernatants
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containing VSVpp bearing S proteins with V5 tag were centrifuged
through a 20% sucrose cushion at 25.000 g for 120 min. Subsequently,
cells and VSVpp pellets were lysed and analyzed by immunoblot, fol-
lowing an established protocol (Kleine-Weber et al., 2018, 2019).

4.5. Analysis of DPP4 binding efficiency

DPP4 binding was analyzed as described (Kleine-Weber et al,
2019). In brief, 293T cells were transfected with expression plasmids
for MERS-S proteins and empty plasmid as negative control. At 48h
posttransfection, the cells were washed with PBS, pelleted and re-
suspended in PBS containing 1% BSA and soluble human DPP4-Fc fu-
sion protein at a final dilution of 1:200. After incubation for 1hat 4°C,
the cells were washed and incubated with AlexaFluor488-conjugated
anti-mouse antibody at a dilution of 1:500. Finally, the cells were fixed
with 4% paraformaldehyde and analyzed by flow cytometry using an
LSR 1 flow cytometer and the FACS Diva software (both BD Bios-
ciences).
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4.6. Production of VSV pseudoparticles (VSVpp) and transduction of target
cells

Transduction vectors based on a replication-deficient VSV (Berger
Rentsch and Zimmer, 2011) and pseudotyped with the indicated viral
glycoproteins (VSVpp) were generated according to a published pro-
tocol (Kleine-Weber et al., 2018, 2019). Target cells were transduced
with equal volumes of supernatants containing VSVpp and transduction
efficiency was quantified at 16 h posttransduction by measuring the
activity of virus-encoded firefly luciferase in cell lysates as previously
described (Kleine-Weber et al., 2018, 2019).
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ABSTRACT

Middle East respiratory syndrome (MERS) coronavirus (MERS-CoV) causes a severe respiratory disease in humans. The
MERS-CoV spike (S) glycoprotein mediates viral entry into target cells. For this, MERS-CoV S engages the host cell
protein dipeptidyl peptidase 4 (DPP4, CD26) and the interface between MERS-CoV S and DPP4 has been resolved on
the atomic level. Here, we asked whether naturally-occurring polymorphisms in DPP4, that alter amino acid residues
required for MERS-CoV S binding, influence cellular entry of MERS-CoV. By screening of public databases, we identified
fourteen such polymorphisms. Introduction of the respective mutations into DPP4 revealed that all except one (A346-
348) were compatible with robust DPP4 expression. Four polymorphisms (K267E, K267N, A291P and A346-348)
strongly reduced binding of MERS-CoV S to DPP4 and S protein-driven host cell entry, as determined using soluble S
protein and S protein bearing rhabdoviral vectors, respectively. Two polymorphisms (K267E and A291P) were analyzed
in the context of authentic MERS-CoV and were found to attenuate viral replication. Collectively, we identified
naturally-occurring  polymerphisms in DPP4 that negatively impact cellular entry of MERS-CoV and might thus
modulate MERS development in infected patients.

ARTICLE HISTORY Received 18 August 2019; Revised 17 December 2019; Accepted 1 January 2020

KEYWORDS Middle East respiratory syndrome coronavirus; spike glycoprotein; dipeptidyl peptidase 4; polymorphisms; receptor binding

Introduction differences in the tissue specific expression of the cellu-

Middle East respiratory syndrome coronavirus (MERS-
CoV) is an enveloped virus with a single-stranded RNA
genome of positive polarity. It belongs to the Corona-
viridae family (genus Betacorenavirus), which is part
of the order Nidovirales. MERS-CoV was isolated in
2012 from the sputum of a 60 year old man suffering
from acute pneumonia and renal failure in Saudi Ara-
bia [1]. Since its discovery, MERS-CoV has caused
2,442 human infections of which 842 (34.5%) had a
fatal outcome (as of May, 2019) [2]. Dromedary camels
are reservoir hosts of MERS-CoV and display only
common cold-like symptoms upon infection but con-
stitute the main source of human infections. Trans-
mission to humans occurs via close contact to
animals or contaminated animal products [3-6].
Human-to-human transmissions seem limited and
were mainly observed in health care settings, leading
to MERS outbreaks in hospitals [7-12]. Finally,

lar receptor for MERS-CoV, DPP4, were recently
suggested to account for the differences in MERS-
CoV transmission and disease induction in camels
and humans, respectively [13,14].

In order to infect a host (cell) and replicate, MERS-
CoV has to deliver its genome into the cellular cyto-
plasm for gene translation and genome replication.
This process is facilitated by the viral spike (S) glyco-
protein, a type-l1 transmembrane protein embedded
in the viral envelope. For host cell entry, the surface
unit, 81, of MERS-CoV S binds to the cellular type-II
transmembrane protein dipeptidyl peptidase 4
(DPP4, CD26) [15]. The structure of the interface
between DPP4 and MERS-CoV-S was resolved on
the atomic level and fifteen residues in DPP4 were
found to make direct contact with residues in the
viral § protein [16]. Upon DPP4 engagement, MERS-
CoV S undergoes proteolytic activation through the

CONTACT Markus Hoffmann ® mhoffmann@dpz.eu @ Infection Biology Unit, German Primate Center, Gottingen, Germany; Stefan Péhimann
@ spoehlmann@dpz.eu e Infection Biology Unit, German Primate Center, Géttingen, Germany; Faculty of Biology and Psychology, University Gottingen,

Gottingen, Germany

o Supplemental data for this article can be accessed https://doi.org/10.1080/22221751.2020.1713705

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group, on behalf of Shanghai Shangyixun Cultural Communication Co., Ltd

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommeons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

67



156 @ H. Kleine-weber et al.

cellular serine protease TMPRSS2 or the endosomal
cysteine protease cathepsin L [17-19], which allows
the transmembrane unit, S2, of MERS-CoV S to fuse
the viral membrane with cellular membranes.

DPP4 is a prolyl oligopeptidase that is expressed in
various tissues [20] and involved in multiple biological
processes including T-cell activation [21], control of
the activity of growth factors, chemokines and bio-
active peptides [22-24], and regulation of the glucose
metabolism [25]. Mature DPP4 is embedded in the
plasma membrane as a homodimer and each monomer
consists of an N-terminal cytoplasmic domain, fol-
lowed by a transmembrane domain and a large ectodo-
main, which can be further subdivided into a short
stalk domain, a glycosylation-rich and a cysteine-rich
region as well as the C-terminal catalytic domain (a/
B-hydrolase domain) [26]. Polymorphisms in the
DPP4 gene were implicated in several diseases and con-
ditions, including diabetes [27,28] and myocardial
infarction [29] but their potential impact on MERS-
CoV infection has not been analyzed.

We asked whether naturally-occurring amino acid
polymorphisms in DPP4 residues making contact
with MERS-CoV S have an impact on MERS-CoV
entry. We identified fourteen polymorphisms by
screening public databases and introduced the respect-
ive mutations into a DPP4 expression plasmid. We
identified four mutations that reduced MERS-CoV §
binding to DPP4 and MERS-CoV S-driven host cell
entry without affecting DPP4 expression at the cell
surface.

Materials and methods

Analysis of total DPP4 expression by SDS-PAGE
and immunoblot

293T cells were transfected with expression vectors for
WT or mutant DPP4, or empty expression vector
(negative control). At 16 h post transfection, the cul-
ture medium was replaced and the cells were further
incubated for additional 32 h. Then, the cells were
washed with PBS and mixed with 2x SDS-sample
buffer (0.03 M Tris-HCI, 10% glycerol, 2% SDS, 0.2%
bromophenol blue, 1 mM EDTA). Cell lysis was
achieved by incubating the samples for 10 min at
room temperature followed by incubation at 96 °C
for an additional 10 min. The samples were further
loaded on polyacrylamide gels and SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis) was performed. Next, the proteins were
transferred onto nitrocellulose membranes (Harten-
stein GmbH) by immunoblotting. The membranes
were further blocked by incubation in PBS-T (PBS con-
taining 0.5% Tween 20 and 5% skim milk powder) for
30 min at room temperature. Afterwards, the mem-
branes were incubated overnight at 4 °C with undiluted
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supernatant of a hybridoma cell line secreting anti-
cMYC antibody 9E10 (for DPP4 detection) or PBS-T
containing anti-8-actin (ACTB) antibody (mouse,
1:1,000, Sigma Aldrich). Following three washing inter-
vals with PBS-T, the membranes were further incu-
bated with PBS-T containing horseradish peroxidase-
conjugated anti-mouse antibody (goat, 1:5,000, Dia-
nova) for 1h at room temperature before an in
house-prepared enhanced chemiluminescent solution
(0.1 M Tris-HCI [pH 8.6], 250 pg/ml luminol, 1 mg/
ml para-hydroxycoumaric acid, 0.3% H.0,) was
added and signals were recorded using the ChemoCam
imaging system and the ChemoStar Professional soft-
ware (Intas Science Imaging Instruments GmbH).

In order to quantify the signal intensity of the
protein bands, the program ImageJ (FIJI distribution)
[30] was used. To account for differences in the total
protein content of the samples and variations, we nor-
malized the DPP4 signals against the respective signals
of the loading control (ACTB).

Cell culture

293T (human kidney cells, DSMZ no. ACC 635), BHK-
21 (hamster kidney cells, DSMZ no. ACC 61) and Vero
76 (African green monkey kidney cells, kindly provided
by Andrea Maisner, Philipps-University Marburg)
were cultivated in Dulbecco’s modified Eagle medium
(PAN-Biotech) while Caco-2 cells (human colorectal
adenocarcinoma cells) were cultivated in Minimum
Essential Medium (ThermoFisher Scientific). The
media were supplemented with 10% fetal bovine
serum (Biochrom), 100 U/ml of penicillin and
0.1 mg/ml of streptomycin (PAN-Biotech). All cell
lines were incubated at 37 °C and 5% CO2 in a
humidified atmosphere. For subcultivation and seed-
ing, cells were washed with phosphate-buffered saline
(PBS) and detached by incubation with trypsin/
EDTA solution (PAN-Biotech) (BHK-21, Vero 76
and Caco-2) or by resuspending the cells in culture
medium (293T). Transfection of 293T and BHK-21
cells was carried out by calcium-phosphate precipi-
tation or with the help of ICAFectin-441 (In-Cell-
Art) or FuGENE HD (Promega).

Plasmids and generation of DPP4 mutants

All DPP4 mutants were generated based on a
pcDNA3.1/Zeo(+)-based expression vector in which
the coding sequence for human DPP4 (GenBank:
XM_005246371.3) containing an C-terminal ¢tMYC
epitope was inserted into via BamHI/EcoRI restriction
sites. The following aa (amino acid) substitutions were
introduced via overlap-extension PCR: K267E, K267N,
Q286K, T288I, T288S, A289V, A291P, A291V, R317K,
Y322H, 1346T, 1346V and K392N. In addition, a del-
etion mutant was generated that lacks aa residues



346-348 (A346-348). Information on DPP4 poly-
morphisms was retrieved from the Ensembl database
(https://www.ensembl.org/index.html) [31] and the
Single Nucleotide Polymorphism Database (dbSNP)
of the National Center for Biotechnology Information
(NCBI) (https://www.ncbi.nlm.nih.gov/snp) [32], and
is based on data provided by the gnomAD database
(Genome Aggregation database, https://gnomad.
broadinstitute.org/), TOPMed program (Trans-Omics
for Precision Medicine, https://www.nhlbiwgs.org/),
ExAC consortium (Exome Aggregation Consortium,
http://exac.broadinstitute.org/) [33] and the 1000G
project (1,000 genomes project, http://www.
internationalgenome.org/) [34] (For detailed infor-
mation see Supplementary Table 1).

We further utilized pCAGGS-based expression vec-
tors for vesicular stomatitis virus (VSV) glycoprotein
(G), MERS-CoV § wildtype (WT) and MERS-CoV S
(D510G) (the latter two either untagged or equipped
with a C-terminal V5 epitope) that have been described
elsewhere [35-37]. In addition, a previously described
expression vector for angiotensin converting enzyme
2 was employed [38]. Similar to the strategy used for
the generation of DPP4 mutants, we employed the
overlap-extension PCR technique to introduce a single
mutation into the MERS-CoV S open reading frame,
thus generating untagged and V5-tagged MERS-CoV
S (D539N).

Soluble S comprising the S1 subdomain of MERS-
CoV 8§ (aa residues: 1-747) fused to a human IgG Fc
tag was generated by inserting the PCR-amplified S1
sequences into the pCGl1Fc vector [39] (kindly pro-
vided by Georg Herrler, University of Veterinary Medi-
cine Hannover) making use of the BamHI/Sall
restriction sites. In addition, we generated an
expression vector for the enhanced green fluorescent
protein (eGFP) by inserting the eGFP coding sequence,
which was PCR-amplified from the pEGFP-C1 vector
(Clontech), into the pCAGGS plasmid using the
EcoRI/Xhol restriction sites.

All PCR-amplified sequences were subjected to
automated sequence analysis (Microsynth SeqLab) to
verify their integrity. Sequences of primers used for
cloning of the different constructs are available upon
request.

Analysis of DPP4 surface expression by
immunofluorescence analysis

BHK-21 cells were grown on coverslips and transfected
with the different DPP4 constructs or empty expression
vector using ICAFectin-441 (In-Cell-Art) at 24 h post
seeding according to the manufacturer’s instructions.
After changing the culture medium at 4 h post trans-
fection, the cells were incubated for additional 20 h.
Then, the culture medium was aspirated and the cells
were washed with PBS, before they were fixed by
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incubated with PBS containing 4% paraformaldehyde
(PBS/PFA) for 15min at room temperature. Sub-
sequently, the cells were washed with 0.1 M glycine/
PBS solution followed by a washing step with PBS.
Next, the coverslips were incubated with anti-DPP4
antibody (mouse, diluted 1:200 in PBS containing 1%
bovine serum albumin [PBS/BSA], Abcam) for 1 h at
4 °C. For this, the coverslip was put on a drop (20 ul)
of antibody solution that was added on a sheet of
parafilm inside a humidity chamber (a glass dish in
which the parafilm was placed on wet paper tissue).
Thereafter, the cells were washed 3x with PBS before
incubation with AlexaFluor568-conjugated anti-
mouse antibody (goat, 1:1000, diluted in PBS/BSA,
ThermoFisher Scientific) for 30 min at 4 °C was per-
formed. Subsequently, the cells were washed 3x with
PBS. Finally, the cells were incubated with DAPI
(4',6-diamidino-2-phenylindole, Carl Roth) and
mounted in ProLong Gold Antifade Mountant (Ther-
moFisher Scientific) before they were analyzed using
a Zeiss LSM800 (Zeiss) confocal laser scanning micro-
scope and the ZEN imaging software (Zeiss).

Analysis of DPP4 surface expression by
flow cytometry

BHK-21 cells were transfected with expression vec-
tors for WT or mutant DPP4, or empty expression
vector (negative control). At 16 h post transfection,
the culture medium was replaced and the cells were
further incubated for additional 32 h. Then, the
cells were washed with PBS, resuspended in PBS/
BSA and pelleted by centrifugation (600x g, 5 min,
4 °C). After aspiration of the supernatant, the cells
were resuspended in PBS/BSA containing anti-DPP4
antibody (mouse, diluted 1:100, Abcam) and incu-
bated for 1 h at 4 °C. Next, the cells were pelleted,
washed with PBS/BSA, pelleted again, resuspended
in PBS/BSA containing AlexaFluor488-conjugated
anti-mouse antibody (donkey, diluted 1:500, Thermo-
Fisher Scientific) and incubated for 1 h at 4 °C. Sub-
sequently, the cells were washed (as described above)
and resuspended in PBS/PFA for 2h at 4 °C for
fixation. Finally, the cells were washed (as described
above) and resuspended in PBS/BSA for flow cyto-
metric analysis using an LSR II flow cytometer and
the FACS Diva software (both BD Biosciences).
Additional data analysis was carried out using the
FCS Express 4 Flow research software (De Novo soft-
ware). For quantification of DPP4 surface expression,
the mean fluorescence intensity (MFI) value of the
negative control was subtracted from all samples.
For normalization of DPP4 surface expression,
values obtained for cells expressing DPP4 WT were
set as 100% and the relative surface expression of
the respective DPP4 mutants was calculated
accordingly.
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Production of soluble MERS-CoV S and binding
studies

In order to generate soluble MERS-CoV § for binding
studies, 293T cells were transfected with an expression
vector for the S1 subunit of MERS-CoV S fused to the
Fc fragment of human immunoglobulin G (solMERS-
S1-Fc). At 24 h post transfection, the culture medium
was exchanged and the cells were further incubated
for 24 h before culture supernatants were harvested
and freed from cellular debris by centrifugation
(4,700x g, 10 min, 4 °C). The clarified supernatants
were loaded on Vivaspin protein concentrator columns
with a molecular weight cut-off of 30 kDa (Sartorius)
and centrifuged at 4,700x g at 4 °C until the sample
was 10-fold concentrated.

Analysis of MERS-CoV S / DPP4 interaction with
soluble MERS-CoV s1 by flow cytometry

For the binding studies with solMERS-S1-Fc, a similar
protocol was followed as described for the analysis of
DPP4 surface expression with the exceptions that sol-
MERS-81-Fc was used instead of the primary antibody
(1:10 dilution in PBS/BSA) and that an AlexaFluor488-
conjugated anti-human antibody (goat, 1:500 dilution
in PBS/BSA, ThermoFisher Scientific) was employed
as the secondary antibody. BHK-21 cells transfected
with expression vectors for WT or mutant DPP4,
ACE2 or empty expression vector (both negative con-
trols) were analyzed by flow cytometry for solMERS-
S1-Fc binding using an LSR II flow cytometer and
the FACS Diva software (both BD Biosciences).
Additional data analysis was carried out using the
FCS Express 4 Flow research software (De Novo soft-
ware). For quantification of solMERS-S1-Fc binding,
the MFI value obtained for cells transfected with
empty expression vector was subtracted from all
samples. Further, binding of solMERS-S1-Fc to cells
expressing DPP4 WT was set as 100% and the relative
binding efficiencies to cells expressing the respective
DPP4 mutants or ACE2 were calculated accordingly.

Analysis of MERS-CoV S / DPP4 interaction by co-
immunoprecipitation

293T cells (grown in 6-well plates) were cotransfected
with expression plasmids coding for solMERS-S1-Fc
and WT or mutant DPP4. Cells transfected with
empty expression vector instead of DPP4 or sol-
MERS-S1-Fc (or both) served as controls. At 48 h post-
transfection, cells were washed with PBS and lysed with
500 pl/well NP40 lysis buffer (50 mM, Tris-HCI [pH
80], 150mM NaCl, 1.0% [v/v] NP-40, 1 tablet/
100 ml of Complete protease inhibitor cocktail
[Roche]) by incubation for 45 min on ice. Lysates
were centrifuged for 30 min at 16,400 x g at 4 °C, before
400 ul of the supernatant were mixed with 50 pl of
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protein  A-sepharose (1 g protein A-sepharose
[Sigma-Aldrich] in 4 ml PBS) while the residual
100 pl of the cell lysate were mixed with 100 ul 2x
SDS-sample buffer and incubated for 15 min at 96 °C
(These samples were later analyzed to confirm compat-
able total protein levels [via detection of ACTB] as well
as comparable DPP4 and soIMERS-S1-Fc levels before
the co-immunoprecipitation [co-IP] step.). Following
incubation of the lysate/protein A-sepharose mixtures
for 2h at 4 °C in an overhead shaker, the samples
were centrifuged for 5 min at 16,400 x g at 4 °C to pellet
the protein A-sepharose/solMERS-S1-Fc/DPP4-com-
plexes. After aspiration of the supernatant, 500 ul of
NP40 lysis buffer (without protease inhibitors) were
added and the cells were mixed by vortexing, before
being centrifuged again. This washing routine was
repeated three times, before finally 50 pl of 2x SDS-
sample buffer were added to the pelleted complexes
and the samples were further incubated for 15 min at
96 °C. Thereafter, the samples were subjected to SDS-
PAGE and Western blot analysis (see above). Detection
of DPP4 (lysate and co-IP samples) and ACTB (lysate
samples) was carried out as described above. solMERS-
81-Fc was detected (lysate and co-IP samples) by incu-
bation with a peroxidase-conjugated anti-human anti-
body (goat, 1:5,000, Dianova).

Signal intensities of the protein bands were quan-
tified as described above. Further, signals obtained for
DPP4 were normalized against the respective signals
for soIMERS-S1-Fc in order to account for variations
in transfection efficiency and sample processing.

Analysis of MERS-CoV S / DPP4 interaction using
soluble DPP4 Ligand

For the binding studies with soluble DPP4, a similar
protocol was followed as described for the analysis of
binding of solMERS-S1-Fc with the exceptions that a
soluble DPP4 fused to the Fc region of human IgG
(solDPP4-Fc, Acro Biosystems) was used instead of
solMERS-S1-Fc (1:200 dilution in PBS/BSA) and that
an AlexaFluor488-conjugated anti-human antibody
(goat, 1:500 dilution in PBS/BSA, ThermoFisher Scien-
tific) was employed as the secondary antibody. 293T
cells transfected with expression vectors for WT or
mutant (D510G and D539N) MERS-CoV S, or empty
expression vector (negative control) were analyzed by
flow cytometry for solDPP4-Fc binding using an LSR
II flow cytometer and the FACS Diva software (both
BD Biosciences). Additional data analysis was carried
out using the FCS Express 4 Flow research software
(De Novo software). For quantification of solDPP4-
Fc binding, the MFI value obtained for cells transfected
with empty expression vector was subtracted from all
samples. Further, binding of solDPP4-Fc to cells
expressing MERS-CoV S WT was set as 100% and
the relative binding efficiencies to cells expressing the



respective MERS-CoV S mutants were calculated
accordingly.

Generation of rhabdoviral pseudotypes and
transduction studies

We employed a previously described protocol for the
generation of VSV pseudotype particles (VSVpp) that
is based on a replication-deficient VSV vector that
lacks the genetic information for VSV-G but instead
contains the genetic information for eGFP and firefly
luciferase (fLuc) as reporters of transduction efficiency
(VSV*AG-fLuc, kindly provided by Gert Zimmer,
Institute of Virology and Immunology, Mittelhiu-
sern/Switzerland) [37,40]. In brief, 293T cells trans-
fected with expression vectors for MERS-CoV §,
VSV-G (positive control) or empty expression vector
(negative control) were inoculated with VSV*AG-
fLuc for 1 h before being washed with PBS and further
incubated for 16 h with culture medium that was sup-
plemented with anti-VSV-G antibody (I1, mouse
hybridoma supernatant from CRL-2700; ATCC)
(except for cells expressing VSV-G). The produced
VSVpp were inoculated onto BHK-21 cells expressing
WT or mutant DPP4, or no DPP4 (empty expression
vector, negative control) and incubated for 16-18 h
before fLuc activity in cell lysates was quantified as
an indicator for transduction efficiency using the
Beetle-Juice kit (PJK) and a plate luminometer
(Hidex) [41].

MERS-CoV infection and quantification of viral
titers

BHK-21 cells were transfected with expression vectors
for wildtype or mutant DPP4 (K267E or A291P), or
empty expression vector (negative control) using
FuGENE HD (Promega) according to the manufac-
turer’s instructions. At 24 h posttransfection, the cells
were infected with MERS-CoV (Human betacorona-
virus 2c EMC/2012, MERS-CoV EMC-2012, GenBank
accession number: JX869059) at a multiplicity of infec-
tion of 0.01 for 1h. Thereafter, the inoculum was
removed and the cells were washed 3x with PBS before
fresh medium was added and the first sample (time
point 0 h postinfection) was taken. The cells were
further incubated and additional samples were taken
at 24 and 48 h postinfection. Viral titers in the culture
supernatant were analyzed by quantitative reverse-
transcriptase PCR, using the upE assay according to a
published protocol [42]. In brief, viral RNA was iso-
lated from cell culture supernatant using the NucleoS-
pin RNA Virus kit (Macherey-Nagel), reverse-
transcribed into cDNA using the Superscript III one
step RT-PCR system (ThermoFisher Scientific) and
analyzed on a LightCycler 480 qPCR cycler platform
(Roche) with primers and conditions as specified for
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the upE assay [42]. In vitro-transcribed standard
samples containing defined amounts of MERS-CoV
fragments (10, 100, 1,000 and 10,000 copies) were
included for absolute quantification as genome equiva-
lents (GE).

Protein structure visualization

The DPP4 protein structure (4PV7) [43] and the struc-
ture of the complex formed by the MERS-CoV S recep-
tor binding domain bound to DPP4 (4L72) [16] were
retrieved from the Research Collaboratory for Struc-
tural Bioinformatics Protein Database (RSCB PDB,
https://www.rcsb.org/). Structure visualization and col-
orization was performed using the YASARA software
(http://www.yasara.org/index.html) [44] and UCSF
Chimera version 1.14 (developed by the Resource for
Biocomputing, Visualization, and Informatics at the
University of California, San Francisco) [45].

Statistical analysis

One-way or two-way analysis of variance (ANOVA)
with Dunnett’s posttest was used to test for statistical
significance. Only p values of 0.05 or lower were con-
sidered statistically significant (p > 0.05 [ns, not signifi-
cant], p <0.05 [*], p< 0.01 [**], p <0.001 [***]). For all
statistical analyses, the GraphPad Prism 7 software
package was used (GraphPad Software).

Results

Identification of polymorphisms in DPP4 that
alter amino acid residues which make contact
with MERS-CoV S

The binding interface between MERS-CoV § and the
cellular receptor DPP4 was resolved by Wang and col-
leagues using crystallography, revealing the interacting
amino acid residues for each binding partner [16]:
Fourteen residues of MERS-CoV S (Y499, N501,
K502, 1506, D510, R511, E513, D537 G538, D539,
Y540, R542, W553 and V555) interact with a total of
fifteen residues in DPP4 (K267, F269, Q286, T288,
A289, A291, 1294, 1295, H298, R317, Y322, R336,
Q344, 1346 and K392) [16], which are distributed
over the glycosylation-rich domain and the cysteine-
rich domain (Figure 1A-C).

In order to identify polymorphic residues in DPP4
that contact MERS-CoV S, we screened public data-
bases that provide information on polymorphic
amino acid residues based on data derived from differ-
ent bio projects (ie. gnomAD, TOPMed, ExAC,
1000G; more information is given in the Materials
and Methods section). By this method we found that
nine out of the fifteen DPP4 residues interacting with
MERS-CoV S are polymorphic (K267, Q286, T288,
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Figure 1. Identification of polymorphic amino acid residues in DPP4 at the binding interface with MERS-CoV S. (A) Schematic rep-
resentation of DPP4 (CD26). Highlighted are the transmembrane domain (TD, brown), glycosylation-rich (blue) and cysteine-rich
(orange) regions, and the catalytic domain (purple). Circles with sticks represent glycosylation sites, while small numbers indicate
the amino acid residues. Triangles below the domains highlight the positions of amino acid residues that directly interact with
MERS-CoV S (grey triangles mark residues for which no polymorphism has been reported, while red triangles indicate polymorphic
residues). (B} Side (left) and top (right) view of homodimeric DPP4 (the dotted line indicates the border between the two monomers
and the cellular plasma membrane is schematically depicted below the side view model of DPP4). The protein model was con-
structed on the published crystal structure (4PV7) deposited in RSCB PDB and the binding interface with MERS-CoV S has been
highlighted (green). (C) Close-up on the DPP4 residues that directly interact with MERS-CoV S and for which no polymorphic (yel-
low) or polymorphic (red) residues have been reported. In addition, the specific residues in DPP4 (regular letters and numbers},
including the respective polymorphic residues (letters in brackets), and the corresponding interacting residues in MERS-CoV S (ita-
lidzed letters and numbers) are indicated. (D) Frequency of polymorphic DPP4 residues in the human population. Public databases
(see Supplementary Table 1 and the materials and methods section for detailed information) were screened for the frequency of the
polymorphic residues under study (y-axis). Error bars indicate standard error of the mean (SEM) and refer to polymorphic residues
found in more than one database.

A289, A291, R317, Y322, 1346 and K392) (Figure 1C).  [V], R317[K], Y322[H] and K392[N]) the remaining
While five of these residues can be replaced by only a  four residues can be replaced by two different amino
single different amino acid residue (Q286[K], A289  acid residues (K267[E/N], T288(1/S], A291[P/V] and
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1346[T/V]) or can even be absent from DPP4 (1346A)
(Figure 1C-D and Supplementary Table 1). Finally,
the frequency of these polymorphisms in the human
population is low, ranging roughly from 1:19,000
(A289V) to 1:245,000 (T288I) (Figure 1D and Sup-
plementary Table 1).

DPP4 polymorphisms are compatible with
robust DPP4 expression and localization at the
cell surface

We next introduced the polymorphisms in a DPP4
expression plasmid. Western blot analysis and signal
quantification revealed that all resulting DPP4 variants
were robustly expressed and total expression levels
were comparable (Figure 2A-B). As DPP4 needs to
be transported to the plasma membrane to be engaged
by MERS-CoV S for host cell entry, we next investi-
gated whether the presence of the polymorphic DPP4
residues has an impact on DPP4 cell surface localiz-
ation. For this, we performed flow cytometry and con-
focal laser scanning microscopy, using transfected
BHK-21 cells and an antibody targeting the DPP4 ecto-
domain. We found that all DPP4 variants but one, a
deletion variant lacking amino acid residues 346-348
(A346-348), displayed comparable cell surface
expression levels (Figure 3A-B).

Polymorphisms at positions 267 and 291 in
DPP4 reduce S protein-driven host cell entry and
replication of authentic MERS-CoV

We next investigated whether polymorphic DPP4 resi-
dues impact MERS-CoV host cell entry. For this, we
made use of vesicular stomatitis virus (VSV) pseudo-
types (VSVpp) bearing MERS-CoV S or VSV G,
which does not bind to DPP4 and served as negative
control [46]. As expected, VSVpp harboring VSV G
were able to efficiently transduce BHK-21 target cells
irrespective of DPP4 expression. In contrast, transduc-
tion of BHK-21 cells mediated by MERS-CoV § criti-
cally depended on ectopic expression of human
DPP4, in accordance with published findings [47]
(Figure 4). Notably, four DPP4 polymorphisms -
K267E, K267N, A291P and A346-348 - severely
reduced MERS-CoV S-driven transduction compared
to DPP4 WT (Figure 4). In order to analyze whether
the reduction in MERS-CoV S-driven host cell entry
would translate into attenuated MERS-CoV replica-
tion, we next investigated two DPP4 polymorphisms
(K267E and A291P) in the context of infection with
authentic MERS-CoV. When followed over a period
of two days post infection it was observed that
MERS-CoV replication in BHK-21 cells expressing
human DPP4 was significantly reduced when DPP4
contained either K267E or A291P (Figure 5).
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DPP4 polymorphisms K267E, K267N and A291P
reduce MERS-CoV S binding efficiency to DPP4

After the identification of DPP4 polymorphisms that
reduce S-driven cellular entry of rhabdoviral vectors
as well as MERS-CoV replication, we next sought to
investigate whether the attenuating phenotype was
due to reduced binding of MERS-CoV S to DPP4.
For this, we used soluble MERS-CoV 8, produced by
fusing the SI subunit, which contains the DPP4 bind-
ing domain, to the Fc portion of human immunoglobu-
lin G (solMERS-S1-Fc). Co-immunoprecipitation
analysis demonstrated that DPP4 variants harboring
polymorphisms K267E, K267N or A291P, which
were not compatible with efficient MERS-CoV S-dri-
ven host cell entry, displayed significantly reduced abil-
ity to interact with MERS-CoV § as indicated by
weaker DPP4 signals upon protein A-sepharose-
mediated pull-down of DPP4/s0lMERS-S1-Fc (as com-
pared to DPP4 W', Figure 6A-B). Notably, DPP4 var-
jant A346-348 could be as efficiently co-
immunoprecipitated as DPP4 WT, indicating that its
inefficient receptor function was solely due to its defect
in proper surface transport. The findings obtained by
co-IP analysis were confirmed by flow cytometry. It
was revealed that polymorphisms that reduced
MERS-CoV S-driven host cell entry (K267E, K267N,
A291P and A346-348) and spread of authentic
MERS-CoV (K267E and A291P) also reduced MERS-
CoV § binding to cells expressing DPP4 on the cell sur-
face (Figure 6C). In addition, polymorphism A289V,
which decreased MERS-CoV S-driven transduction to
a lesser extent than the aforementioned polymorph-
isms (Figure 4), also reduced MERS-CoV S binding
to DPP4. Thus, DPP4 polymorphisms K267E, K267N
and A291P reduce MERS-CoV S-driven host cell
entry and MERS-CoV infection by diminishing
MERS-CoV § binding to DPP4.

Discussion

Host cell entry of MERS-CoV critically depends on the
interaction between the viral S protein and the cellular
receptor DPP4. A link between obesity or underlying
diseases like diabetes mellitus, which both can affect
DPP4 expression levels [48], and the risk of fatal out-
come of MERS-CoV infection has been made [49].
Moreover, alanine scanning mutagenesis identified
DPP4 residues critical for MERS-CoV entry, incduding
K267, 1294, 1295, R317 and R336 [50,51]. However,
the impact of natural-occurring variations on host cell
entry of MERS-CoV has not been addressed so far.
We identified DPP4 polymorphisms that reduce S
protein-driven host cell entry and replication of auth-
entic MERS-CoV by lowering the binding efficiency of
MERS-CoV S to DPP4, suggesting that the DPP4 phe-
notype may impact the course of MERS-CoV infection.
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Figure 2. DPP4 harboring polymorphic amino acid residues at the binding interface with MERS-CoV S are robustly expressed. (A)
Wildtype (WT) and mutant DPP4 were expressed in 293T cells (cells transfected with empty expression vector served as negative
control). Whole cell lysates (WCL) were prepared and analyzed for DPP4 expression by SDS-PAGE under non-reducing conditions
and WB using a primary antibody targeting the C-terminal cMYC epitope and a peroxidase-conjugated secondary antibody. Further,
expression of beta-actin (ACTB) was analyzed as aloading control. Shown are the expression data from a representative experiment.
Numbers at the left indicate the molecular weight in kilodalton (kDa). (B) Quantification of total DPP4 expression in WCL. After
normalization of DPP4 band intensities with that of the corresponding ACTB bands. DPP4 WT expression was set as 100% and
the relative expression of mutant DPP4 was calculated accordingly. Presented are the combined data of three independent exper-
iments with error bars indicating the SEM. No statistical significance for differences in total expression between WT and mutant
DPP4 was observed by one-way analysis of variance with Dunnett’s posttest (p > 0.05, not significant [ns]).

Western blot analysis, flow cytometry and confocal
laser scanning microscopy revealed that none of the
polymorphisms studied, except deletion of amino
acids 346-348, had a significant impact on total or
cell surface expression of DPP4, at least in the context
of DPP4 transfected cells. Four polymorphisms located
at three different sites in DPP4 (K267E, K267N, A291P
and A346-348) severely reduced S protein-driven host
cell entry. As DPP4 A346-348 was shown to be incom-
patible with robust cell surface transport but able to
interact with MERS-CoV § in co-IP analysis, we con-
clude that the reduction in entry efficiency is solely
due to insufficient DPP4 surface levels. In contrast,
reduction of host cell entry by K267E, K267N and
A291P could not be explained by reduced DPP4

expression and these polymorphisms were thus further
investigated. MERS-CoV infection of BHK-21 cells
transfected to express DPP4 WT and variants K267E
or A291P revealed that K267E or A291P were not com-
patible with robust MERS-CoV replication. Finally, co-
IP analyses and binding studies with soluble MERS-
CoV S showed that these DPP4 polymorphisms
reduced § protein binding to DPP4.

When looking at the crystal structure of the complex
consisting of the MERS-CoV S receptor binding
domain bound to DPP4, these observations do not
come as a surprise. DPP4 residue K267 has been
reported to contact MERS-CoV S residues G538 and
D539, including a salt bridge interaction with D539
[16]. The exchange of K267 to either glutamate (E)
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Figure 3. DPP4 harboring polymorphic amino acid residues at the binding interface with MERS-CoV S are efficiently transported to
the cell surface. (A) Wildtype (WT) and mutant DPP4 were expressed in BHK-21 cells (cells transfected with empty expression vector
served as negative control). Surface expressed DPP4 was stained by subsequent incubation of the non-permeabilized cells with a
primary antibody that targets the DPP4 ectodomain and an AlexaFluor488-conjugated secondary antibody. Fluorescent signals
representing surface-expressed DPP4 were analyzed by flow cytometry and the mean fluorescence intensity (MFI) values for
each sample were calculated. For normalization, the MFI value of the negative control was subtracted from all samples. Further,
surface expression of DPP4 WT was set as 100% and the relative surface expression of the DPP4 mutants was calculated accordingly.
Shown are the combined data of three experiments with error bars indicating the SEM. Statistical significance for differences in
surface expression between WT and mutant DPP4 was tested by one-way analysis of variance with Dunnett's posttest (p > 0.05,
not significant; p <0.05, *). (B) DPP4 surface expression was further analyzed by immunofluorescence analysis. For this, DPP4
WT or DPP4 mutants were expressed in BHK-21 cells grown on coverslips (cells transfected with empty expression vector served
as negative control). After fixation of the cells, surface expressed DPP4 was stained by subsequent incubation of non-permeabilized
cells with a primary antibody that targets the DPP4 ectodomain and an AlexaFluor568-conjugated secondary antibody. In addition,
cellular nuclei were stained with DAPI. Finally, images were taken using a confocal laser scanning microscope at a magnification of
80x.
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Figure 4. Identification of polymorphic amino acid residues in DPP4 that do not support efficient MERS-CoV S-driven host cell entry.
(A) To investigate whether mutant DPP4 support host cell entry driven by MERS-CoV S, we produced vesicular stomatitis virus pseu-
dotype particles (VSVpp) harboring MERS-CoV S (left) or VSV G (control, right). VSVpp were further inoculated on BHK-21 cells
expressing wildtype (WT) or mutant DPP4, or cells that were transfected with empty expression vector. At 16 h posttransduction,
transduction efficiency was analyzed by measuring the activity of virus-encoded firefly luciferase. Shown are the combined data
from three independent experiments (each performed in quadruplicates) for which transduction efficiency of cells expressing
DPP4 WT was set as 100%. Error bars indicate the SEM. Statistical significance of differences in transduction efficiency of cells
expressing WT or mutant DPP4 was analyzed by one-way analysis of variance with Dunnett's posttest (p > 0.05, not significant
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type of interaction is available [16]. Here, we speculate

that the bulky and distorted side chain of proline (in 4 TEE: BEH: BEES
comparison to the small side chain of alanine) £ g8 788 =788
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due E513 (Supplementary Figure 1). In contrast to that,
valine contains a small side chain and also has identical
biochemical properties as alanine and thus might be
efficiently contacted by E513 of MERS-CoV §, which
is why we did not observe any impact of polymorph-
isms A291V on MERS-CoV S-driven entry and
MERS-CoV S MERS-CoV § binding/interaction (Sup-
plementary Figure 1).

The observation that certain polymorphisms in
DPP4 reduced MERS-CoV $ binding and viral entry
triggered the question whether residues in MERS-CoV
§ that are in direct contact with the respective DPP4
residues are also polymorphic. Indeed, we obtained
initial evidence to support such a concept. Thus, we
found that residue 539 in MERS-CoV S which contacts
DPP4 residue 267 is polymorphic, with certain MERS-
CoV variants harboring an asparagine instead of an

Figure 5. DPP4 harboring polymorphic amino acid residues at
the binding interface with MERS-CoV S poorly support replica-
tion of live MERS-CoV. Two DPP4 mutants that showed reduced
compatibility for MERS-CoV S-driven host cell entry (K267E and
A291P) were analyzed in the context of infection and replica-
tion of authentic MERS-CoV. For this, BHK-21 cells expressing
wildtype (WT) or mutant DPP4, or no DPP4 at all (negative con-
trol) were inoculated with MERS-CoV. At 1 h postinfection, the
inoculum was removed and the cells were washed before they
received fresh culture medium and were further incubated.
MERS-CoV replication was analyzed at 0, 24 and 48 h postinfec-
tion by determining MERS-CoV genome equivalents (GE) in the
culture supernatant (given as GE/ml) by quantitative reverse-
transcriptase PCR. Shown are the combined results of three
independent experiments (each performed in triplicates).
Error bars indicate the SEM. Statistical significance of differ-
ences in MERS-CoV replication in cells expressing WT or mutant
DPP4 was analyzed by two-way analysis of variance with Dun-
nett’s posttest (p > 0.05, ns; p < 0.05, *).
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Figure 6. Reduced MERS-CoV S-driven host cell entry is caused by inefficient S protein binding to DPP4 harboring polymorphic
amino acid residues. In order to investigate whether reduced MERS-CoV S-driven host cell entry and MERS-CoV replication is
due to inefficient MERS-CoV S binding to DPP4 harboring amino acid polymorphisms at the binding interface, we performed
co-immunoprecipitation (co-IP) as well as binding experiments with a soluble S protein comprising the 51 subunit of MERS-CoV
S fused to the Fc region of human IgG. (A) 293T cells were cotransfected with expression plasmids coding for soluble, Fc-tagged
MERS-CoV S1 (solMERS-51-F¢) and the indicated DPP4 variant containing a C-terminal cMYC-tag. Cells that were transfected only
with empty expression vector alone, or empty expression vector instead of either soIMERS-S1-Fc or DPP4 served as controls. At 48 h
posttransduction, cells were lysed and incubated with protein A sepharose. Next, samples were subjected to SDS-PAGE and Western
blot analysis. DPP4 levels were detected via antibodies specific for the cMYC-tag, whereas soIMERS-S1-Fc was detected using a
peroxidase-coupled anti-human antibody. Similar results were obtained in three individual experiments. Analysis of whole cell
lysates (WCL) for expression of solMERS-S1-Fc, DPP4 and B-actin confirmed comparable B-actin levels in each sample and compar-
able expression levels for solIMERS-S1-Fc and DPP4. (B) For quantification of MERS-CoV S/DPP4 interaction we first normalized the
DPP4 signals against the respective sol MERS-S1-Fc signals. Then, MERS-CoV S/DPP4 interaction was set as 100% for wildtype (WT)
DPP4 and the relative interaction efficiency for each DPP4 mutant was calculated accordingly. Presented are the mean data from
three independent experiments. Error bars indicate the SEM. Statistical significance of differences in MERS-CoV S/DPP4 interaction
between WT and mutant DPP4 was analyzed by one-way analysis of variance with Dunnett’s posttest (p > 0.05, ns; p < 0.05, *;p <
0.001, ***). (C) Soluble MERS-CoV S1-Fc was incubated with BHK-21 cells expressing wildtype (WT) or mutant DPP4, or cells trans-
fected with empty expression vector or an ACE2-expression plasmid (controls). To detect bound S protein, the cells were sub-
sequently incubated with an AlexaFluor488-conjugated anti-human antibody directed against the Fc-tag. Fluorescent signals
representing bound solMERS-51-Fc were analyzed by flow cytometry and MFI values for each sample were calculated. For normal-
ization, the MFI value of the negative control (empty expression vector) was subtracted from all samples. Further, binding of sol-
MERS-51-Fc to cells expressing DPP4 WT was set as 100% and the relative binding to cells expressing the DPP4 mutants was
calculated accordingly. Shown are the combined data of five independent experiments with error bars indicating the SEM. Statisti-
cal significance of differences in solMERS-51-Fc binding to cells expressing WT or mutant DPP4 was analyzed by one-way analysis of
variance with Dunnett’s posttest (p > 0.05, ns; p < 0.05, *; p < 0.01, **; p <0.001, ***).
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aspartate residue at this position. D539N reduced entry
into cells expressing relatively low amounts of DPP4 but
had no effect on entry into cells expressing high
amounts of DPP4 (Supplementary Figure 2). Moreover,
and more interestingly, D539N slightly rescued MERS-
CoV S-driven entry from the negative effect exerted by
DPP4 polymorphism K267N (Supplementary Figure
2). Similarly, residue 510 in MERS-CoV S, which is
known to interact with DPP4 residues 317 and 322,
was found to be polymorphic, and previous studies
demonstrated that polymorphism D510G reduced
DPP4 binding but also increased resistance to neutraliz-
ing antibodies [37]. Notably, D510G slightly increased
entry via DPP4 harboring polymorphism Y322H and
allowed MERS-CoV § to use DPP4 with polymorphism
R317K with the same efficiency as WT DPP4. It should
be stated that none of these effects was statistically sig-
nificant and that DPP4 and MERS-CoV § polymorph-
isms occur with low frequency. Although it is unlikely
that the DPP4 polymorphisms have emerged as a result
of evolutionary pressure from MERS-CoV infections,
our results suggest that certain existing DPP4 poly-
morphism(s) might foster the emergence of MERS-
CoV variants with altered biological properties.

The polymorphisms studied here occur with rela-
tively low frequencies of one per ~19,000 (A289V) to
~245,000 (T288I) individuals. However, detailed infor-
mation on the geographic distribution or incidence in
certain ethnical groups is largely missing. Thus,
DPP4 polymorphisms could contribute to the perplex-
ing absence of MERS cases in Africa, where the virus
circulates in camels [52-57]. However, recent evidence
suggests that sequence variations between African and
Arabian MERS-CoV might be a factor [53,57]. More
importantly, it remains to be analyzed how frequent
DPP4 polymorphisms that affect S protein binding
occur in the Middle East and whether they are associ-
ated with the clinical course of MERS.
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SUMMARY

The recent emergence of the novel, pathogenic
SARS-coronavirus 2 (SARS-CoV-2) in China and its
rapid national and international spread pose a global
health emergency. Cell entry of coronaviruses de-
pends on binding of the viral spike (S) proteins to
cellular receptors and on S protein priming by host
cell proteases. Unravelling which cellular factors
are used by SARS-CoV-2 for entry might provide in-
sights into viral transmission and reveal therapeutic
targets. Here, we demonstrate that SARS-CoV-2
uses the SARS-CoV receptor ACE2 for entry and
the serine protease TMPRSS2 for S protein priming.
A TMPRSS2 inhibitor approved for clinical use
blocked entry and might constitute a treatment
option. Finally, we show that the sera from con-
valescent SARS patients cross-neutralized SARS-2-
S-driven entry. Our results reveal important com-
monalities between SARS-CoV-2 and SARS-CoV
infection and identify a potential target for antiviral
intervention.

INTRODUCTION

Several members of the family Coronaviridae constantly circu-
late in the human population and usually cause mild respiratory

i

disease (Corman et al., 2019). In contrast, the severe acute res-
piratory syndrome coronavirus (SARS-CoV) and the Middle East
respiratory syndrome coronavirus (MERS-CoV) are transmitted
from animals to humans and cause severe respiratory diseases
in afflicted individuals, SARS and MERS, respectively (Fehr
et al., 2017). SARS emerged in 2002 in Guangdong province,
China, and its subsequent global spread was associated with
8,096 cases and 774 deaths (de Wit et al., 2016; WHO, 2004).
Chinese horseshoe bats serve as natural reservoir hosts for
SARS-CoV (Lau et al., 2005; Li et al., 2005a). Human transmis-
sion was facilitated by intermediate hosts like civet cats and
raccoon dogs, which are frequently sold as food sources in Chi-
nese wet markets (Guan et al., 2003). At present, no specific an-
tivirals or approved vaccines are available to combat SARS, and
the SARS pandemic in 2002 and 2003 was finally stopped by
conventional control measures, including travel restrictions and
patient isolation.

In December 2019, a new infectious respiratory disease
emerged in Wuhan, Hubei province, China (Huang et al., 2020;
Wang et al., 2020; Zhu et al., 2020). An initial cluster of infections
was linked to Huanan seafood market, potentially due to animal
contact. Subsequently, human-to-human transmission occurred
(Chan et al., 2020) and the disease, now termed coronavirus dis-
ease 19 (COVID-19) rapidly spread within China. A novel corona-
virus, SARS-coronavirus 2 (SARS-CoV-2), which is closely
related to SARS-CoV, was detected in patients and is believed
to be the etiologic agent of the new lung disease (Zhu et al.,
2020). On February 12, 2020, a total of 44,730 laboratory-
confirmed infections were reported in China, including 8,204

Cell 181, 271-280, April 16, 2020 © 2020 Elsevier Inc. 271

83

Cell



Cell

A (o]
81 (Attachment] §2 (Fusion)
o g
3
N [ Jeal I e
51/52 52
SARS-S: 662 - WSLL--—-R'BTE - 670 793 - E.ETKE.YEFI - B00
SARS-2-5 676 - TQTNSPRRAR SVA - 688 811 - KPSKR SFI - B18
B o v
5 2 AL
kpap_S_ 3 [
1?‘8: L] — | -
Spike
90+ ] g
%
w{—==] [==]acs ”
Cell Lysate
4
> > v
&£d £
$5 & &
D22 2
180+ - -
1304 Spike
90+ - <
w{===] vSV-M
Pseudotype

Manuscripts

M

10%q g

VSV-G
Pseudotype Entry
[x-fold over Background]

10?

SARS-S

Pseudotype Entry
=]

[x-fold over Background]

2

e =

SARS-2-S

Pseudotype Entry
3

[x-fold over Background]
3

2

Figure 1. SARS-2-S and SARS-S Facilitate Entry into a Similar Panel of Mammalian Cell Lines
(A) Schematic illustration of SARS-S including functional domains (RBD, receptor binding domain; RBM, receptor binding motif; TD, transmembrane domain) and
proteolytic cleavage sites (S1/52, S2'). Amino acid sequences around the two protease recognition sites (red) are indicated for SARS-S and SARS-2-S (asterisks

indicate conserved residues). Arrow heads indicate the cleavage site.

(B) Analysis of SARS-2-S expression (upper panel) and pseudotype incorporation (lower panel) by western blot using an antibedy directed against the C-terminal
hemagglutinin (HA) tag added to the viral S proteins analyzed. Shown are representative blots from three experiments. B-Actin (cell lysates) and VSV-M (particles)
served as loading controls (M, matrix protein). Black arrow heads indicate bands comresponding to uncleaved S proteins (S0) whereas gray arrow heads indicate

bands corresponding to the S2 subunit.

(C) Celllines of human and animal origin were inoculated with pseudotyped VSV harboring VSV-G, SARS-8, or SARS-2-S. At 16 h postinoculation, pseudotype
entry was analyzed by determining luciferase activity in cell lysates. Signals obtained for particles bearing no envelope protein were used for normalization. The
average of three independent experiments is shown. Error bars indicate SEM. Unprocessed data from a single experiment are presented in Figure S1.

severe cases and 1,114 deaths (WHO, 2020). Infections were
also detected in 24 countries outside China and were associated
with international travel. At present, it is unknown whether the
sequence similarities between SARS-CoV-2 and SARS-CoV
translate into similar biological properties, including pandemic
potential (Munster et al., 2020).

The spike (S) protein of coronaviruses facilitates viral entry into
target cells. Entry depends on binding of the surface unit, S1, of
the S protein to a cellular receptor, which facilitates viral attach-
ment to the surface of target cells. In addition, entry requires S
protein priming by cellular proteases, which entails S protein
cleavage at the $1/82 and the S2’ site and allows fusion of viral
and cellular membranes, a process driven by the S2 subunit (Fig-
ure 1A). SARS-S engages angiotensin-converting enzyme 2
(ACE2) as the entry receptor (Li et al., 2003) and employs the
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cellular serine protease TMPRSS2 for S protein priming (Glo-
wacka et al., 2011; Matsuyama et al., 2010; Shulla et al., 2011).
The SARS-S/ACE2 interface has been elucidated at the atomic
level, and the efficiency of ACE2 usage was found to be a key
determinant of SARS-CoV transmissibility (Li et al., 2005a,
2005b). SARS-S und SARS-2-S share ~76% amino acid iden-
tity. However, it is unknown whether SARS-2-S like SARS-S em-
ploys ACE2 and TMPRSS2 for host cell entry.

RESULTS

Evidence for Efficient Proteolytic Processing

of SARS-2-S

The goal of our study was to obtain insights into how SARS-2-S
facilitates viral entry into target cells and how this process can be



blocked. For this, we first asked whether SARS-2-S is robustly
expressed in a human cell line, 293T, commonly used for exper-
imentation because of its high transfectability. Moreover, we
analyzed whether there is evidence for proteclytic processing
of the S protein because certain coronavirus S proteins are
cleaved by host cell proteases at the $1/S2 cleavage site in in-
fected cells (Figure 1A). Immunoblot analysis of 293T cells
expressing SARS-2-S protein with a C-terminal antigenic tag re-
vealed a band with a molecular weight expected for unpro-
cessed S protein (S0) (Figure 1B). A band with a size expected
for the S2 subunit of the S protein was also observed in cells
and, more prominently, in vesicular stomatitis virus (VSV) parti-
cles bearing SARS-2-S (Figure 1B). In contrast, an S2 signal
was largely absent in cells and particles expressing SARS-S
(Figure 1B), as previously documented (Glowacka et al., 2011;
Hofmann et al., 2004b). These results suggest efficient proteo-
Iytic processing of SARS-2-S in human cells, in keeping with
the presence of several arginine residues at the S1/S2 cleavage
site of SARS-2-S but not SARS-S (Figure 1A). In contrast, the 82/
cleavage site of SARS-2-S was similar to that of SARS-S.

SARS-2-S and SARS-S Mediate Entry into a Similar
Spectrum of Cell Lines

Replication-defective VSV particles bearing coronavirus S pro-
teins faithfully reflect key aspects of coronavirus host cell entry
(Kleine-Weber et al., 2019). We employed VSV pseudotypes
bearing SARS-2-S to study cell entry of SARS-CoV-2. Both
SARS-2-S and SARS-S were robustly incorporated into VSV
particles (Figure 1B), allowing a meaningful side-by-side com-
parison; although, formally, comparable particle incorporation
of the S1 subunit remains to be demonstrated. We first asked
which cell lines were susceptible to SARS-2-S-driven entry, us-
ing a panel of well-characterized cell lines of human and animal
origin, respectively. All cell lines were readily susceptible to entry
driven by the glycoprotein of the pantropic VSV (VSV-G) (Fig-
ure 1C; Figure S1), as expected. Most human cell lines and the
animal cell lines Vero and MDCKII were also susceptible to entry
driven by SARS-S (Figure 1C). Moreover, SARS-2-S facilitated
entry into an identical spectrum of cell lines as SARS-S (Fig-
ure 1C), suggesting similarities in choice of entry receptors.

SARS-CoV-2 Employs the SARS-CoV Receptor for Host
Cell Entry

In order to elucidate why SARS-S and SARS-2-S mediated entry
into the same cell lines, we next determined whether SARS-2-S
harbors amino acid residues required for interaction with the
SARS-S entry receptor ACE2. Sequence analysis revealed that
SARS-CoV-2 clusters with SARS-CoV-related viruses from
bats (SARSr-CoV), of which some but not all can use ACE2 for
host cell entry (Figure 2A; Figure S2). Analysis of the receptor
binding motif (RBM), a portion of the receptor binding domain
(RBD) that makes contact with ACE2 (Li et al., 2005a), revealed
that most amino acid residues essential for ACE2 binding by
SARS-S were conserved in SARS-2-S (Figure 2B). In contrast,
most of these residues were absent from S proteins of SARSr-
CoV previously found not to use ACE2 for entry (Figure 2B) (Ge
et al., 2013; Hoffmann et al., 2013; Menachery et al., 2020). In
agreement with these findings, directed expression of human
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and bat (Rhinolophus aicyone) ACE2 but not human DPP4, the
entry receptor used by MERS-CoV (Raj et al., 2013), or human
APN, the entry receptor used by HCoV-229E (Yeager et al.,
1992), allowed SARS-2-S- and SARS-S8-driven entry into other-
wise non-susceptible BHK-21 cells (Figure 3A). Moreover, anti-
serum raised against human ACE2 blocked SARS-S- and
SARS-2-S- but not VSV-G- or MERS-S-driven entry (Figure 3B).
Finally, authentic SARS-CoV-2 infected BHK-21 cells trans-
fected to express ACE2 cells but not parental BHK-21 cells
with high efficiency (Figure 3C), indicating that SARS-2-5, like
SARS-S, uses ACE2 for cellular entry.

The Cellular Serine Protease TMPRSS2 Primes SARS-2-
S for Entry, and a Serine Protease Inhibitor Blocks
SARS-CoV-2 Infection of Lung Cells

We next investigated protease dependence of SARS-CoV-2 en-
try. SARS-CoV can use the endosomal cysteine proteases
cathepsin B and L (CatB/L) (Simmons et al., 2005) and the serine
protease TMPRSS2 (Glowacka et al., 2011; Matsuyama et al.,
2010; Shulla et al., 2011) for S protein priming in cell lines, and
inhibition of both proteases is required for robust blockade of
viral entry (Kawase et al., 2012). However, only TMPRSS2 activ-
ity is essential for viral spread and pathogenesis in the infected
host whereas CatB/L activity is dispensable (lwata-Yoshikawa
et al., 2019; Shirato et al., 2016; Shirato et al., 2018; Zhou
et al., 2015).

In order to determine whether SARS-CoV-2 can use CatB/L for
cell entry, we initially employed ammenium chloride, which ele-
vates endosomal pH and thereby blocks CatB/L activity. 293T
cells (TMPRSS2 ", transfected to express ACE2 for robust S pro-
tein-driven entry) and Caco-2 cells (TMPRSS2*) were used as
targets. Ammonium chleride blocked VSV-G-dependent entry
into both cell lines whereas entry driven by Nipah virus F and G
proteins was not affected (Figure S3A; data not shown), consis-
tent with Nipah virus but not VSV being able to fuse directly with
the plasma membrane (Bossart et al., 2002). Ammonium chloride
treatment strongly inhibited SARS-2-S- and SARS-S-driven en-
try into TMPRSS2™ 293T cells (Figure S3 A), suggesting CatB/L
dependence. Inhibition of entry into TMPRSS2* Caco-2 cells
was less efficient compared to 293T cells (Figure S3 A), which
would be compatible with SARS-2-S priming by TMPRSS2 in
Caco-2 cells. Indeed, the clinically proven serine protease inhib-
itor camostat mesylate, which is active against TMPRSS2 (Ka-
wase et al.,, 2012), partially blocked SARS-2-S-driven entry into
Caco-2 (Figure S3 B) and Vero-TMPRSS2 cells (Figure 4A). Full
inhibition was attained when camostat mesylate and E-64d, an
inhibitor of CatB/L, were added (Figure 4A; Figure S3B), indi-
cating that SARS-2-S can use both CatB/L as well as TMPRSS2
for priming in these cell lines. In contrast, camostat mesylate did
not interfere with SARS-2-S-driven entry into the TMPRSS2 ™ cell
lines 293T (Figure S3B) and Vero (Figure 4A), which was effi-
ciently blocked by E-64d and therefore is CatB/L dependent.
Moreover, directed expression of TMPRSS2 rescued SARS-2-
S-driven entry from inhibition by E-64d (Figure 4B), confirming
that SARS-2-5 can employ TMPRSS2 for S protein priming.

We next analyzed whether TMPRSS2 usage is required for
SARS-CoV-2 infection of lung cells. Indeed, camostat mesylate
significantly reduced MERS-S-, SARS-S-, and SARS-2-5- but
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Figure 2. SARS-2-S Harbors Amino Acid Residues Critical for ACE2 Binding
(A) The S protein of SARS-CoV-2 clusters phylogenetically with S proteins of known bat-associated betacoronaviruses (see Figure S2 for more details).

(B) Alignment of the receptor binding motif of SARS-S with carespoending sequences of bat-associated betacorenavirus S proteins, which are able or unable to
use ACEZ as cellular receptor, reveals that SARS-CoV-2 possesses crucial amino acid residues for ACE2 binding.

not VSV-G-driven entry into the lung cell line Calu-3 (Figure 4C)
and exerted no unwanted cytotoxic effects (Figure S3 C). Simi-
larly, camostat mesylate treatment significantly reduced Calu-3
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infection with authentic SARS-CoV-2 (Figure 4D). Finally, camo-
stat mesylate treatment inhibited SARS-S- and SARS-2-S- but
not VSV-G-driven entry into primary human lung cells (Figure 4E).



Il hACE2 [l batACE2 Il hAPN [l hDPP4

107

Pseudotype Entry
[x-fold over Background]
3>

-
o
=

B anti-ACE2 Ab
Il Control Ab [l 2 pg/ml [l 20 pg/ml

o o
S n
el

o ~
o v
1 1

Pseudotype Entry
[Percentage of Untreated]

N

i

o
I

Il control

I hACE2

*k

—

& ° K

Figure 3. SARS-2-S Utilizes ACE2 as Cellular Receptor

(A) BHK-21 cells transiently expressing ACE2 of human or bat origin, human
APN, or human DPP4 were inoculated with pseudotyped VSV harboring VSV-
G, SARS-S, SARS-2-8, MERS-S, or 229E-S. At 16 h postinoculation, pseu-
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Collectively, SARS-CoV-2 can use TMPRSS2 for S protein prim-
ing and camostat mesylate, an inhibitor of TMPRSS2, blocks
SARS-CoV-2 infection of lung cells.

Evidence that Antibodies Raised against SARS-CoV Will
Cross-Neutralize SARS-CoV-2

Convalescent SARS patients exhibit a neutralizing antibody
response directed against the viral S protein (Liu et al., 2006).
We investigated whether such antibodies block SARS-2-S-
driven entry. Four sera obtained from three convalescent
SARS patients inhibited SARS-S- but not VSV-G-driven entry
in a concentration-dependent manner (Figure 5). In addition,
these sera also reduced SARS-2-S-driven entry, although with
lower efficiency compared to SARS-S (Figure 5). Similarly, rabbit
sera raised against the S1 subunit of SARS-S reduced both
SARS-S- and SARS-2-S-driven entry with high efficiency, and
again inhibition of SARS-S-driven entry was more efficient.
Thus, antibody respenses raised against SARS-S during infec-
tion or vaccination might offer some level of protection against
SARS-CoV-2 infection.

DISCUSSION

The present study provides evidence that host cell entry of SARS-
CoV-2 depends on the SARS-CoV receptor ACE2 and can be
blocked by a clinically proven inhibitor of the cellular serine prote-
ase TMPRSS2, which is employed by SARS-CoV-2 for S protein
priming. Moreover, it suggests that antibody responses raised
against SARS-CoV could at least partially protect against SARS-
CoV-2 infection. These results have important implications for
our understanding of SARS-CoV-2 transmissibility and pathogen-
esis and reveal a target for therapeutic intervention.

The finding that SARS-2-S exploits ACE2 for entry, which was
also reported by Zhou and colleagues (Zhou et al., 2020) while
the present manuscript was in revision, suggests that the virus
might target a similar spectrum of cells as SARS-CoV. In the
lung, SARS-CoV infects mainly pneumocytes and macrophages
(Shieh et al., 2005). However, ACE2 expression is not limited to
the lung, and extrapulmonary spread of SARS-CoV in ACE2" tis-
sues was observed (Ding et al., 2004; Gu et al., 2005; Hamming
et al., 2004). The same can be expected for SARS-CoV-2,
although affinity of SARS-S and SARS-2-S for ACE2 remains

dotype entry was analyzed (normalization against particles without viral en-
velope protein).

(B) Untreated Vero cells as well as Vero cells pre-incubated with 2 or 20 pg/mL
of anti-ACE2 antibody or unrelated control antibody (anti-DC-SIGN, 20 pg/mL)
were inoculated with pseudotyped VSV harboring VSV-G, SARS-S, SARS-2-
S, or MERS-S. At 16 h postinoculation, pseudotype entry was analyzed
(hormalization against untreated cells).

(C) BHK-21 cells transfected with ACE2-encoding plasmid or control trans-
fected with DsRed-encoding plasmid were infected with SARS-CoV-2 and
washed, and genome equivalents in culture supernatants were determined by
quantitative RT-PCR.

The average of three independent experiments conducted with triplicate
samples is shown in (A-C). Error bars indicate SEM. Statistical significance
was tested by two-way ANOVA with Dunnett posttest. Cells transfected with
empty vector served as reference in (A) whereas cells that were not treated
with antibody served as reference in (B).
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to be compared. It has been suggested that the modest ACE2
expression in the upper respiratory tract (Bertram et al., 2012;
Hamming et al., 2004) might limit SARS-CoV transmissibility.
In light of the potentially increased transmissibility of SARS-
CoV-2 relative to SARS-CoV, one may speculate that the new vi-
rus might exploit cellular attachment-promoting factors with
higher efficiency than SARS-CoV to ensure robust infection of
ACE2* cells in the upper respiratory tract. This could comprise
binding to cellular glycans, a function ascribed to the S1 domain
of certain coronaviruses (Li et al., 2017; Park et al., 2019). Finally,
itshould be noted that ACE2 expression protects from lung injury
and is downregulated by SARS-S (Haga et al., 2008; Imai et al.,
2005; Kuba et al., 2005), which might promote SARS. It will thus
be interesting to determine whether SARS-CoV-2 also interferes
with ACE2 expression.

Priming of coronavirus S proteins by host cell proteases is
essential for viral entry into cells and encompasses S protein
cleavage at the S1/52 and the S2’ sites. The $1/S2 cleavage
site of SARS-2-S harbors several arginine residues (multibasic),
which indicates high cleavability. Indeed, SARS-2-S was effi-
ciently cleaved in cells, and cleaved S protein was incorporated
into VSV particles. Notably, the cleavage site sequence can
determine the zoonotic potential of coronaviruses (Menachery
et al., 2020; Yang et al., 2014, 2015), and a multibasic cleavage
site was not present in RaTG13, the coronavirus most closely
related to SARS-CoV-2. It will thus be interesting to determine
whether the presence of a multibasic cleavage site is required
for SARS-CoV-2 entry into human cells and how this cleavage
site was acquired.

The S proteins of SARS-CoV can use the endosomal cysteine
proteases CatB/L for S protein priming in TMPRSS2™ cells (Sim-
mons et al., 2005). However, S protein priming by TMPRSS2 but
not CatB/L is essential for viral entry into primary target cells and
for viral spread in the infected host (lwata-Yoshikawa etal., 2019;
Kawase et al., 2012; Zhou et al., 2015). The present study indi-
cates that SARS-CoV-2 spread also depends on TMPRSS2 ac-
tivity, although we note that SARS-CoV-2 infection of Calu-3 cells
was inhibited but not abrogated by camostat mesylate, likely re-
flecting residual S protein priming by CatB/L. One can speculate
that furin-mediated precleavage at the $1/52 site in infected cells
might promote subsequent TMPRSS2-dependent entry into
target cells, as reported for MERS-CoV (Kleine-Weber et al.,
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2018; Park et al., 2016). Collectively, our present findings and
previous work highlight TMPRSS2 as a host cell factor thatis crit-
icalfor spread ofseveralclinically relevant viruses, including influ-
enza A viruses and coronaviruses (Gierer et al., 2013; Glowacka
et al., 2011; Iwata-Yoshikawa et al., 2019; Kawase et al., 2012;
Matsuyama et al., 2010; Shulla et al., 2011; Zhou et al., 2015).
In contrast, TMPRSS2 is dispensable for development and ho-
meostasis (Kim et al., 2006) and thus constitutes an attractive
drug target. In this context, it is noteworthy that the serine prote-
ase inhibitor camostat mesylate, which blocks TMPRSS2 activity
(Kawase et al., 2012; Zhou et al., 2015), has been approved in
Japan for human use, but for an unrelated indication. This com-
pound or related ones with potentially increased antiviral activity
(Yamamoto et al., 2016) could thus be considered for off-label
treatment of SARS-CoV-2-infected patients.

Convalescent SARS patients exhibit a neutralizing antibody
response that can be detected even 24 months after infection
(Liu et al., 2006) and that is largely directed against the S protein.
Moreover, experimental SARS vaccines, including recombinant
S protein (He et al., 2006) and inactivated virus (Lin et al.,
2007), induce neutralizing antibody responses. Although confir-
mation with infectious virus is pending, our results indicate that
neutralizing antibody responses raised against SARS-S could
offer some protection against SARS-CoV-2 infection, which
may have implications for outbreak control.

In sum, this study provided key insights into the first step of
SARS-CoV-2 infection, viral entry into cells, and defined poten-
tial targets for antiviral intervention.

STAR+*METHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
e LEAD CONTACT AND MATERIALS AVAILABILITY
o EXPERIMANTAL MODEL AND SUBJECT DETAILS
O Cell cultures, primary cells, viral strains
¢ METHOD DETAILS
O Plasmids
O Pseudotyping of VSV and transduction experiments
O Quantification of cell viability

Figure 4. SARS-2-S Employs TMPRSS2 for S Protein Priming in Human Lung Cells

(A) Importance of activity of CatB/L or TMPRSS2 for host cell entry of SARS-CoV-2 was evaluated by adding inhibitors to target cells prior to transduction. E-64d
and camostat mesylate block the activity of CatB/L and TMPRSS2, respectively (additicnal data for 293T cells transiently expressing ACE2 and Caco-2 cells are
shown in Figure S3).

(B) To analyze whether TMPRSS2 can rescue SARS-2-S-driven entry into cells that have low CatB/L activity, 293T cells transiently expressing ACE2 alone orin
combination with TMPRSS2 were incubated with CatB/L inhibitor E-64d or DMSO as control and incculated with pseudotypes bearing the indicated viral surface
proteins.

(C) Calu-3 cells were pre-incubated with the indicated concentrations of camostat mesylate and subsequently inoculated with pseudoparticles harboring the
indicated viral glycoproteins.

(D) Calu-3 cells were pre-incubated with camostat mesylate and infected with SARS-CoV-2. Subsequently, the cells were washed and genome equivalents in
culture supernatants were determined by quantitative RT-PCR.

(E) In order to investigate whether serine protease activity is required for SARS-2-S-driven entry into human lung cells, primary human airway epithelial cells were
incubated with camostat mesylate prior to transduction.

The average of three independent experiments conducted with triplicate or quadruplicate samples is shown in (A-E). Error bars indicate SEM. Statistical sig-
nificance was tested by two-way ANOVA with Dunnett posttest. Cells that did not receive inhibitor served as reference in (A), (C), (D), and (E) whereas cells
transfected with empty vector and not treated with inhibitor served as reference in (B).
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Figure 5. Sera from Convalescent SARS Patients Cross-Neutralize SARS-2-S-Driven Entry

Pseudotypes harboring the indicated viral surface proteins were incubated with different dilutions of sera from three convalescent SARS patients or sera from
rabbits immunized with the S$1 subunit of SARS-S and subsequently inoculated onto Vero cells in order to evaluate cross-neutralization potential. The average of
three independent experiments performed with triplicate samples is shown. Error bars indicate SEM. Statistical significance was tested by two-way ANOVA with

Dunnett posttest.

O Analysis of SARS-2-S expression and particle
incorporation
O Infection with authentic SARS-CoV-2
O Sera
O Phylogenetic analysis
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EXPERIMANTAL MODEL AND SUBJECT DETAILS

Cell cultures, primary cells, viral strains

All cell lines were incubated at 37°C and 5% CO; in a humidified atmosphere. 293T (human, kidney), BHK-21 (Syrian hamster, kidney
cells), Huh-7 (human, liver), LLC-PK1 (pig, kidney), MRC-5 (human, lung), MyDaulu/47.1 (Daubenton’s bat [Myotis daubentonif],
lung), NIH/3T3 (Mouse, embryo), RhiLu/1.1 (Halcyon horseshoe bat [Rhinolophus alcyone], lung) and Vero (African green monkey,
kidney) cells were incubated in Dulbecco’s’ medified Eagle medium (PAN-Biotech). Calu-3 (human, lung), Caco-2 (human, colon),
MDBK (cattle, kidney) and MDCKII (Dog, kidney) cells were incubated in Minimum Essential Medium (ThermoFisher Scientific).
A549 (human, lung), BEAS-2B (human, bronchus) and NCI-H1299 (human, lung) cells were incubated in DMEM/F-12 Medium
with Nutrient Mix (ThermoFisher Scientific). Vero cells stably expressing human TMPRSS2 were generated by retroviral transduction
and blasticidin-based selection. All media were supplemented with 10% fetal bovine serum (Biochrom), 100 U/mL of penicillin and
0.1 mg/mL of streptomycin (PAN-Biotech), 1x non-essential amino acid solution (10x stock, PAA) and 10 mM sodium pyruvate
(ThermoFisher Scientific). For seeding and subcultivation, cells were first washed with phosphate buffered saline (PBS) and then
incubated in the presence of trypsin/EDTA solution (PAN-Biotech) until cells detached. Transfection was carried out by calcium-
phosphate precipitation. Lung tissue samples were obtained and experimental procedures were performed within the framework
of the non-profit foundation HTCR, including the informed patient’s consent.

For preparation of human airway epithelial cells, bronchus tissue was derived from patients undergoing pulmonary resection and
was provided by the Biobank of the Department of General, Visceral, and Transplant Surgery, Ludwig-Maximilians- University Mu-
nich. Primary human airway epithelial cells were subsequently isclated as described (Wu et al., 20186). In brief, tissue with a length of
approximately 10 mm and a diameter of 8mm was collected and incubated for 24 h at 4°C with DMEM (GIBCOQ) containing 1 mg/mL
protease type XIV and 10 pg/mL DNase |, 100 units/mL penicillin and 100 pg/mL streptomycin, 2.5 pg/mL amphotericin B, and
50 pg/mL gentamicin (GIBCO). The epithelial cells were then harvested from the mucosal surface using the scalpel and were resus-
pended in growth medium. After incubation at 37°C, 5% CO; for 2 h to remove adherent fibroblast cells, non-adherent cells were
seeded on a collagen | coated flask and maintained at 37°C, 5% CO,. The growth medium was refreshed every 2 days and consisted
of a 1:1 mixture of DMEM (GIBCO) and Airway Epithelial Cell basal medium (Promocell, Heidelberg, Germany) supplemented with
52 pg/mL bovine pituitary extract, 15 ng/mL retinoic acid, 5pg/mL insulin, 0.5 pg/mL hydrocortisone, 0.5 pg/mL epinephrine,
10 pg/mL transferrin, 1 ng/mL human epidermal growth factor (Corning), 1.5 ng/mL bovine serum albumin, 100 units/mL penicillin
and 100 pg/mL streptomycin, with or without 5 tM Rho-associated protein kinase inhibitor (Y-27632), as previously described
(Wu et al., 2016). If not stated otherwise all materials were purchased from Sigma-Aldrich.

For infection experiments with SARS-CoV-2, the SARS-CoV-2 isolate Munich 929 was propagated in VeroES cells (passage 1) after
primary isolation from patient material on Vero-TMPRSS2 cells (passage 0).

METHOD DETAILS
Plasmids
Expression plasmids for vesicular stomatitis virus (VSV, serotype Indiana) glycoprotein (VSV-G), Nipah virus (NiV) fusion (F)

and attachment glycoprotein (G), SARS-S (derived from the Frankfurt-1 isolate) with or without a C-terminal HA epitope tag,
HCoV-229E-S, MERS-S, human and bat angiotensin converting enzyme 2 (ACE2), human aminopeptidase N (APN), human
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dipeptidyl-peptidase 4 (DPP4) and human TMPRSS2 have been described elsewhere (Bertram et al., 2010; Brinkmann et al., 2017;
Giereret al., 2013; Hoffmann et al., 2013; Hofmann et al., 2005; Kleine-Weber et al., 2019). For generation of the expression plasmids
for SARS-2-S with or without a C-terminal HA epitope tag we PCR-amplified the coding sequence of a synthetic, codon-optimized
(for human cells) SARS-2-S DNA (GeneArt Gene Synthesis, ThermoFisher Scientific) based on the publicly available protein
sequence in the National Center for Biotechnology Information database (NCBI Reference Sequence: YP_009724390.1) and cloned
in into the pCG1 expression vector via BamH| and Xbal restriction sites.

Pseudotyping of VSV and transduction experiments

For pseudotyping, VSV pseudotypes were generated according to a published protocol (Berger Rentsch and Zimmer, 2011). In brief,
293T transfected to express the viral surface glycoprotein under study were inoculated with a replication-deficient VSV vector that
contains expression cassettes for eGFP (enhanced green fluorescent protein) and firefly luciferase instead of the VSV-G open reading
frame, VSV*AG-fLuc (kindly provided by Gert Zimmer, Institute of Virology and Immunology, Mittelhdusern/Switzerland). After an in-
cubation period of 1 h at 37°C, the inoculum was removed and cells were washed with PBS before medium supplemented with anti-
V8V-G antibody (11, mouse hybridoma supernatant from CRL-2700; ATCC) was added in order to neutralize residual input virus (no
antibody was added to cells expressing VSV-G). Pseudotyped particles were harvested 16 h postinoculation, clarified from cellular
debris by centrifugation and used for experimentation.

For transduction, target cells were grown in 96-well plates until they reached 50%-75% confluency before they were inoculated
with respective pseudotyped VSV. For experiments addressing receptor usage, cells were transfected with expression plasmids 24 h
before transduction. In order to block ACE2 on the cell surface, cells were pretreated with 2 or 20 ng/mL anti-ACE2 antibody (R&D
Systems, goat, AF933). As control, an unrelated anti-DC-SIGN antibody (Serotec, goat, 20 ng/mL) was used. For experiments
involving ammonium chloride (final concentration 50 mM) and protease inhibitors (E-64d, 25 uM; camostat mesylate, 1-500 pM),
target cells were treated with the respective chemical 2 h before transduction. For neutralization experiments, pseudotypes were
pre-incubated for 30 min at 37°C with different serum dilutions. Transduction efficiency was guantified 16 h posttransduction by
measuring the activity of firefly luciferase in cell lysates using a commercial substrate (Beetle-Juice, PJK) and a Hidex Sense plate
luminometer (Hidex).

Quantification of cell viability

Cell viability following treatment of Calu-3 cells with camostat mesylate was analyzed using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega). In brief, Calu-3 cells grown to 50% confluency in 96-well plates were incubated for 24 h in the absence
or presence of different concentrations (1-500 uM) of camostat mesylate. Next, the culture medium was aspirated and 100 pl of fresh
culture medium was added before an identical volume of the assay substrate was added. Wells containing only culture medium
served as a control to determine the assay background. After 2 min of incubation on a rocking platform and additional 10 min without
movement, samples were transferred into white opague-walled 96-well plates and luminescent signal were recorded using a Hidex
Sense plate luminometer (Hidex).

Analysis of SARS-2-S expression and particle incorporation

Toanalyze S protein expression in cells, 293T cells were transfected with expression vectors for HA-tagged SARS-2-S or SARS-S or
empty expression vector (negative control). The culture medium was replaced at 16 h posttransfection and the cells were incubated
for an additional 24 h. Then, the culture medium was removed and cells were washed once with PBS before 2x SDS-sample buffer
(0.03 M Tris-HCI, 10% glycerol, 2% SDS, 0.2% bromophenol blue, 1 mM EDTA) was added and cells were incubated for 10 min at
room temperature. Next, the samples were heated for 15 min at 96°C and subjected to SDS-PAGE and immunaoblotting.

For analysis of S protein incorporation into pseudotyped particles, 1 mL of the respective VSV pseudotypes were loaded onto a
20% (w/v) sucrose cushion (volume 50 pl) and subjected to high-speed centrifugation (25.000 g for 120 min at 4°C). Thereafter, 1 mL
of supernatant was removed and the residual volume was mixed with 50 ul of 2x SDS-sample buffer, heated for 15 min at 96°C and
subjected to SDS-PAGE and immunoblotting. After protein transfer, nitrocellulose membranes were blocked in 5% skim milk solution
(5% skim milk dissolved in PBS containing 0.05% Tween-20, PBS-T) for 1 h at room temperature and then incubated over night at
4°C with the primary antibody (diluted in in skim milk solution)). Following three washing intervals of 10 min in PBS-T the membranes
were incubated for 1 h at room temperature with the secondary antibody (diluted in in skim milk solution), before the membranes were
washed and imaged using an in in house-prepared enhanced chemiluminescent solution (0.1 M Tris-HCI [pH 8.6], 250 pg/mL luminol,
1 mg/mL para-hydroxycoumaric acid, 0.3% H,0?) and the ChemoCam imaging system along with the ChemoStar Professional soft-
ware (Intas Science Imaging Instruments GmbH). The following primary antibodies were used: Mouse anti-HA tag (Sigma-Aldrich,
H3663, 1:2,500), mouse anti-p-actin (Sigma-Aldrich, A5441, 1:2,000), mouse anti-VSV matrix protein (Kerafast, EB0011, 1:2,500).
As secondary antibody we used a peroxidase-coupled goat anti-mouse antibody (Dianova, 115-035-003, 1:10000).

Infection with authentic SARS-CoV-2
BHK-21 cells (1.6 x10° cells/mL) were transfected with ACE2 and DsRed as a negative control. After 24 h, cells were washed with

PBS and infected with 8x10” genome equivalents (GE) per 24-well of SARS-CoV-2 isolate Munich 929 for 1 h at 37°C. Calu-3 cells
(5x10° cells/mL) were mock treated or treated with 100 uM camostat mesylate (Sigma Aldrich) 2 h prior to infection with SARS-CoV-2
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isolate Munich 929 at a multiplicity of infection (MOI) of 0.001 for 1 h at 37°C. After infection, cells were washed three times with PBS
before 500 pl of DMEM medium was added. At 16 or 24 h post infection, 50 pl culture supernatant was subjected to viral RNA extrac-
tion using a viral RNA kit (Macherey-Nagel) according to the manufacturer’s instructions. GE per ml were detected by real time RT-
PCR using a previously reported protocol (Corman et al., 2020).

Sera

The convalescent human anti-SARS-CoV sera (CSS-2 to CSS-5) stemmed from the serum collection of the national consiliary lab-
oratory for coronavirus diagnostics at Charité, Berlin, Germany or the Robert Koch Institute, Berlin, Germany. All sera were previously
tested positive using a recombinant S-based immunofluorescence test (Buchholz et al., 2013). CSS-2 was taken from a SARS patient
3.5 years post onset of disease. CSS-3 and CSS-4 originated from a second SARS patient 24 and 36 days post onset of disease.
CSS-5 was collected from a third SARS patient 10 days post onset of disease. Rabbit sera were obtained by immunizing rabbits
with purified SARS-S1 protein fused to the Fc portion of human immunoglobulin.

Phylogenetic analysis

Phylogenetic analysis (neighbor-joining tree, bootstrap method with 5,000 iterations, Poisson substitution model, uniform rates
among sites, complete deletion of gaps/missing data) was performed using the MEGA7.0.26 software. Reference sequences
were obtained from the National Center for Biotechnology Information and GISAID (Global Initiative on Sharing All Influenza Data)
databases. Reference numbers are indicated in the figures.

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way or two-way analysis of variance (ANOVA) with Dunnett posttest was used to test for statistical significance. Only p values of
0.05 or lower were considered statistically significant (p > 0.05 [ns, not significant], p < 0.05[*], p < 0.01 [**], p < 0.001 [***]). For all
statistical analyses, the GraphPad Prism 7 software package was used (GraphPad Software).

DATA AND CODE AVAILABILITY

The study did not generate unique datasets or code.
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luciferase activities in cell lysates were determined at 16 h posttransduction. The experiment was performed with quadruplicate samples, the average + SD

The indicated cells lines were inoculated with pseudoparticles harboring the indicated viral glycoprotein or harboring no glycoprotein (ho protein) and
is shown.

Figure S1. Representative Experiment Included in the Average, Related to Figure 1C
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(A and B) Importance of endosomal low pH (A) and activity of CatB/L or TMPRSS2 (B) for host cell entry of SARS-CoV-2 was evaluated by adding inhibitors to
target cells prior to transduction. Ammonium chleride (A) blocks endesomal acidification while E-64d and camostat mesylate (B) block the activity of CatB/L and
TMPRSS2, respectively. Entry into cells not treated with inhibitor was set as 100%.

(C) Absence of cytotoxic effects of camostat mesylate. Calu-3 cells were treated with camostat mesylate identically as for infection experiments and cell viability
was measured using a commercially available assay (CellTiter-Glo, Promega).
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SUMMARY

The pandemic coronavirus SARS-CoV-2 threatens public health worldwide. The viral spike protein mediates
SARS-CoV-2 entry into host cells and harbors a $1/82 cleavage site containing multiple arginine residues
(multibasic) not found in closely related animal coronaviruses. However, the role of this multibasic cleavage
site in SARS-CoV-2 infection is unknown. Here, we report that the cellular protease furin cleaves the spike
protein at the S1/S2 site and that cleavage is essential for S-protein-mediated cell-cell fusion and entry
into human lung cells. Moreover, optimizing the $1/82 site increased cell-cell, but not virus-cell, fusion, sug-
gesting that the corresponding viral variants might exhibit increased cell-cell spread and potentially altered
virulence. Our results suggest that acquisition of a $1/S2 multibasic cleavage site was essential for SARS-

CoV-2 infection of humans and identify furin as a potential target for therapeutic intervention.

INTRODUCTION

Itis believed that the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2, previously termed nCoV-2019) was intro-
duced into the human population from a poorly characterized an-
imal reservoir in late 2019 (Ge et al., 2013; Wang et al., 2020;
Zhou etal., 2020b; Zhu et al., 2020). The epicenter of the subse-
quent SARS-CoV-2 spread was Wuhan, Hubei province, China,
with more than 65,000 cases occurring in this area (WHO,
2020a). However, infections have now been detected in more
than 110 countries and massive outbreaks are currently ongoing
in the United States, ltaly, and Spain (WHO, 2020a, 2020b). Un-
derstanding which features of SARS-CoV-2 are essential for
infection of human cells should provide insights into viral trans-
missibility and pathogenesis and might reveal targets for
intervention.

The spike protein of coronaviruses is incorporated into the viral
envelope and facilitates viral entry into target cells. For this, the
surface unit S1 binds to a cellular receptor while the transmem-
brane unit S2 facilitates fusion of the viral membrane with a
cellular membrane (Hoffmann et al., 2018; Hulswit et al., 2016;
Millet and Whittaker, 2018). Membrane fusion depends on S pro-
tein cleavage by host cell proteases at the $1/52 and the S2’ site
(Figure 1A), which results in S protein activation (Hoffmann et al.,
2018; Hulswit et al., 2016; Millet and Whittaker, 2018). Cleavage
of the S protein can occur in the constitutive secretory pathway
of infected cells or during viral entry into target cells andis essen-

tial for viral infectivity. Therefore, the responsible enzymes
constitute potential targets for antiviral intervention.

Our previous work revealed that the activity of the cellular
serine protease TMPRSS2, which activates several coronavi-
ruses (Bertram et al., 2013; Gierer et al., 2013; Glowacka et al.,
2011; Matsuyama et al., 2010; Shirato et al., 2013, 2016; Shulla
etal., 2011), is also required for robust SARS-CoV-2 infection of
human lung cells (Hoffmann et al., 2020). However, it is conceiv-
able that the activity of other cellular proteases is also necessary.
Thus, the Middle East respiratory syndrome coronavirus spike
protein (MERS-S) is activated by a two-step process: MERS-S
is first cleaved by furin at the $1/52 site in infected cells, which
is required for subsequent TMPRSS2-mediated cleavage at
the S2' site (Figure 1A) during viral entry into lung cells (Kleine-
Weber et al., 2018; Park et al, 2016; Millet and Whittaker,
2014). A cathepsin B/L-dependent auxiliary activation pathway
is operative in many TMPRSS2 ™~ cell lines but seems not to be
available in viral target cells in the lung because TMPRSS2-
dependent activation of the S protein is essential for robust
MERS-CoV and SARS-CoV spread and pathogenesis in the in-
fected host (lwata-Yoshikawa et al., 2019; Simmons et al.,
2005; Zhou et al., 2015).

The S1/52 site in SARS-CoV-2 forms an exposed loop
(Figure 1B) that harbors multiple arginine residues (multibasic)
(Walls et al., 2020; Wrapp et al., 2020) that are not found in
SARS-CoV-related coronaviruses (SARSr-CoV) but are present
in the human coronaviruses OC43, HKU1, and MERS-CoV

Molecular Cell 78, 1-6, May 21, 2020 @ 2020 Elsevier Inc. 1
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(Figure 1C). However, the contribution of this multibasic cleav-
age site to SARS-CoV-2 infection of human cells is unknown
and was in the focus of the present study.

RESULTS

The Multibasic $1/S2 Site in the Spike Protein of SARS-
CoV-2 Is Required for Efficient Proteolytic Cleavage of
the Spike Protein

In order to address the role of the multibasic 51/S2 cleavage site
in SARS-CoV-2 infection, we generated S protein mutants with

2 Molecular Cell 78, 1-6, May 21, 2020

(SARS-2) and SARS-S (RaTG).

The effects of the above described S1/
S2 mutations on viral entry were examined using vesicular sto-
matitis virus (VSV) particles bearing S proteins because these
particles are safe and adequately reflect coronavirus entry into
target cells. Immunoblot of VSV particles bearing S proteins
with a C-terminal antigenic tag revealed that all S proteins
were readily incorporated into VSV particles. SARS-2-S WT
(wild type) was efficiently cleaved at the $1/52 site (Figure 2B),
in keeping with published data (Hoffmann et al., 2020; Walls
et al., 2020). Exchange of the S$1/S2 site of SARS-2-S against
those of SARS-S and RaTG13-S abrogated cleavage, and this
effect was also seen when the multibasic motif was deleted
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(Figure 2B). Moreover, insertion of an additional arginine residue
jointly with an alanine-to-lysine exchange at the $1/52 site did
not appreciably increase cleavability. Finally, insertion of the
$1/52 site of SARS-2-S into SARS-S increased S protein cleav-
ability while insertion of the RaTG13 S$1/S2 site did not (Fig-
ure 2B). These results indicate that the presence of several argi-
nine residues at the S1/3S2 site is required for efficient SARS-2-S
proteolytic processing in human cells and also confers high
cleavability to SARS-S.

Furin Cleaves the SARS-CoV-2 Spike Protein at the S1/
S2 Site, and Cleavage Is Required for Efficient Cell-Cell
Fusion

We next investigated which protease is required for S protein
processing at the $1/S2 site. The $1/S2 motif matches the min-
imal furin sequence RXXR and is closely related to the furin
consensus sequence RX[K/R]R. Therefore, we analyzed whether
decanoyl-RVKR-CMK, a furin inhibitor, blocks SARS-2-S pro-

¢? CelPress

Figure 2. The Multibasic $1/S2 Site of
SARS-2-S Is Cleaved by Furin, and Cleavage
Is Required for Syncytium Formation and
Entry into Human Lung Cells

(A) Overview of the SARS-S and SARS-2-8 51/82
mutants analyzed.

(B) Analysis of furin-mediated S protein priming.
Rhabdoviral particles harboring the indicated S
proteins containing a C-terminal V5 tag for detec-
tion were lysed and subjected to western blot
analysis. Detection of vesicular stomatitis virus
matrix protein (VSV-M) served as control.

(C) Rhabdoviral particles bearing MERS-S, SARS-
S, or SARS-2-S equipped with a V5 or HA epitope
tag at their C terminus (or no glycoprotein at all,
control) were produced in the absence or presence
of furin inhibitor (F1, decanoyl-RVKR-CMK; 1 uM or
10 pM) and analyzed for S protein processing by
western blot analysis. Detection of VSV-M served
as control.

(D) Syncytium formation assay: Vero or Vero-
TMPRSS2 cells were transfected to express the
indicated S proteins (or no S protein, empty vector,
control). At 24 h post transfection, cells were
incubated in the presence or absence of trypsin
(1 pg/mL) for an additional 24 h before they were
fixed, stained with May-Gruenwald and Giemsa
solution, and analyzed by bright field microscopy
(scale bars, 200 um). White arrowheads indicate
syncytia. For (B)-(D), representative data from
three B and C) or four (D) independent experi-
ments are shown.

(E) Transduction of Vero (TMPRSS2 ') and Calu-3
(TMPRSS2*) cells with rhabdoviral particles
bearing the indicated S proteins or vesicular sto-
matitis virus glycoprotein (VSV-G). At 16 h post
transduction, virus-encoded firefly luciferase was
quantified in cell lysates. Presented are the
mean data from three independent experiments.
Transduction efficiency is shown relative to
that measured for particles not bearing a viral
glycoprotein. Error bars indicate the standard error
of the mean. Statistical significance was tested by
one-way analysis of variance with Dunnett’s post
test (p > 0.05, ns; **p < 0.001).

Vera
{TMPRS52)

[+) Trypsi

cessing at the $1/S2 site. Decanoyl-RVKR-CMK inhibited pro-
cessing of MERS-S, which is known to depend on furin (Gierer
et al., 2015; Millet and Whittaker, 2014), in a concentration-
dependent manner and had no effect on SARS-S expression
(Figure 2C), as expected. Processing of SARS-2-S was also in-
hibited, indicating that furin cleaves SARS-2-S at the $1/82
site. In order to determine whether cleavage at the S1/52 site
is required for SARS-2-S-driven cell-cell fusion, we studied
S-protein-dependent formation of multinucleated giant cells
(syncytia). No syncytia were observed in the absence of S protein
expression while MERS-S WT expression resulted in syncytium
formation, which was increased upon addition of trypsin or
expression of TMPRSS2 (Figure 2D). Expression of SARS-S
WT or SARS-S harbering the $1/82 site of RaTG13-S did not
induce syncytium formation in the absence of protease, but
modest multikaryon formation was detected in the presence
of trypsin or TMPRSS2. In contrast, SARS-S harboring the
SARS-2-S §1/S2 site induced syncytia in the absence of
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protease, and syncytium formation was markedly increased by
trypsin and, particularly, TMPRSS2. SARS-2-S expression trig-
gered syncytium formation that was strongly increased by
trypsin and TMPRSS2. Syncytium formation was clearly less
prominent and required the presence of trypsin or TMPRSS2
when the SARS-2-S S1/S2 site was replaced by that of SARS-
S or RaTG13-S. Moreover, deletion of the multibasic motif re-
sulted in a spike protein that was no longer able toinduce syncy-
tium formation even in the presence of trypsin or TMPRSS2.
Finally, the addition of an arginine residue to the S1/S2 site of
SARS-2-S jointly with alanine-to-lysine exchange strongly
increased syncytium formation, indicating that viral variants
with optimized S1/52 sites might show augmented cell-cell
spread and potentially altered pathogenicity. Thus, the $1/S2
site of SARS-2-S is required for cell-cell fusion, and this process
can be augmented by adding basic residues to the $1/52 site.

Cleavage of the SARS-CoV-2 Spike Protein at the $1/52
Site Is Required for Viral Entry into Human Lung Cells
We finally examined the importance of the $1/52 site for S-pro-
tein-mediated virus-cell fusion. Blockade of SARS-2-S cleavage
at the $1/S2 site (mutants SARS-2-S (SARS), SARS-2-S (RaTG),
and SARS-2-S (delta)) abrogated entry into the TMPRSS2* hu-
man lung cell line Calu-3 (Figure 2E), in which the cathepsin B/
L-dependent S protein activation pathway is not sufficiently
available (Park et al., 2016). In contrast, entry into TMPRSS2
Vero cells, which is known to be cathepsin B/L dependent,
was not affected by these mutations (Figure 1E), in keeping
with results reported by Walls and colleagues (Walls et al.,
2020). Optimization of the $1/82 site did not increase entry
into the cell lines tested; it slightly decreased entry into both
Vero and Calu-3 cells, for, at present, unclear reasons. Finally, al-
terations of the 51/52 site of SARS-S did not augment entry ef-
ficiency. Collectively, these results demonstrate that a multibasic
S$1/S2 site is essential for SARS-2-S-driven entry into human
lung cells while a monobasic site is sufficient for SARS-S.

DISCUSSION

Our results reveal commonalities between the proteolytic activa-
tion of SARS-CoV-2 and MERS-CoV. Both viruses depend on
furin-mediated pre-cleavage of their S proteins at the $1/52
site for subsequent S protein activation by TMPRSS2 in lung
cells, which fail to express robust levels of cathepsin L (Park
et al., 2016). Thus, inhibitors of furin and TMPRSS2 might be
considered as a treatment option for COVID-19, and a TMPRSS2
inhibitor that blocks SARS-CoV-2 infection has recently been
described (Hoffmann et al., 2020). Regarding furin inhibition, it
must be taken into account that furin, unlike TMPRSS2, is
required for normal development (Roebrosk et al., 1998).
Blockade of this enzyme for prolonged time periods might thus
be associated with unwanted toxic effects. In contrast, a brief
treatment might be well tolerated and still associated with a ther-
apeutic benefit (Sarac et al., 2002, 2004).

For avian influenza A viruses, a multibasic cleavage site in the
viral hemagglutinin protein is a central virulence factor (Luczo
et al., 2015). Thus, viruses with a monobasic cleavage site are
activated by TMPRSS2 or related proteases with an expression
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profile confined to the aerodigestive tract. As aconsequence, viral
replication is limited to these organs and does not result in severe
disease. In contrast, viruses with a multibasic cleavage site are
activated by ubiquitously expressed proprotein convertases,
including furin, and can thus spread systemically and cause
massive disease. In the context of coronavirus infection, S protein
cleavability has been identified as a determinant of zoonotic po-
tential (Menachery et al., 2020; Yang et al., 2014). The presence
of a highly cleavable $1/S2 site in SARS-2-S may therefore not
have been unexpected. However, it is noteworthy that all
SARS-CoV-2-related coronaviruses of bats and pangolins identi-
fied today harbor a monobasic cleavage site (Lam et al., 2020; Li
etal., 2020; Zhang et al., 2020). It will thus be interesting to deter-
mine how the multibasic motif was acquired by SARS-CoV-2, and
a recent study suggested that a recombination event might have
been responsible (Zhang et al., 2020; Zhou et al., 2020a).

Limitations of the Study

Our results demonstrate that the multibasic $1/52 cleavage site
is essential for SARS-2-S-driven entry into TMPRSS2* lung cells.
It will be interesting to extend these studies to primary human
respiratory epithelial cells and to authentic SARS-CoV-2, which
requires a reverse genetics system not available to the pre-
sent study.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal anti-HA antibody produced in mouse Sigma-Aldrich Cat.# H3663; RRID: AB_262051

Monoclonal anti-p-actin antibody produced in mouse Sigma-Aldrich Cat.# A5441; RRID: AB_476744

Monoclonal anti-VSV-M (23H12) antibody KeraFast Cat.#: EB0011; RRID: AB_2734773

Monoclonal anti-mouse, peroxidase-coupled Dianova Cat.#: 115-035-003; RRID:
AB_10015289

Anti-VSV-G antibody (1, produced from CRL-2700 ATCC Cat.# CRL-2700; RRID: CVCL_G654

mouse hybridoma cells)

Bacterial and Virus Strains

VSV*AG-FLuc Berger Rentsch and N/A
Zimmer, 2011
One Shot™ OmniMAX™ 2 T1R Chemically Competent E. coli Thermo Fisher Scientific Cat.#: C854003
Chemicals, Peptides, and Recombinant Proteins
Lipofectamine LTX with Plus Reagent Thermo Fisher Scientific Cat.#: 15338100
Furin inhibitor, decanoyl-RVKR-CMK Tocris Cat.#: 3501
May-Griinwald solution Sigma-Aldrich Cat.# 63590
Giemsa solution Sigma-Aldrich Cat.# GS500
Critical Commercial Assays
Beetle-Juice Kit PJK Cat.# 102511
Experimental Models: Cell Lines
293T DSMZ Cat.# ACC-635; RRID: CVCL_0063
Calu-3 Laboratory of Stephan ATCC Cat# HTB-55; RRID:
Ludwig CVCL_0609
Vero Laboratory of Andrea ATCC Cat# CRL-1586; RRID:
Maisner CVCL_0574
Vero-TMPRSS2 Hoffmann et al., 2020 N/A
Oligonucleotides
SARS-S (BamHI) F CTTGGATCCGCCACCATGTTTATTTIC Sigma-Aldrich N/A
TTATTATTTC
SARS-5A18 (Xbal) R CTTTCTAGACTACTTGCAGCAAGAA Sigma-Aldrich N/A
CCACAAGAGC
SARS-5A18 (-}STOP (Xbal) R CTTTCTAGACTTGCAGCAAG Sigma-Aldrich N/A
AACCACAAGAGC
SARS-2-5 (BamHI) F GAATTCGGATCCGCCACCATGTTCGT Sigma-Aldrich N/A
GTTTCTGGTGCTGC
SARS-2-8A18 (Xbal) R AAGGCCTCTAGACTACTTGCAGCA Sigma-Aldrich N/A
GCTGCCACAGC
SARS-2-SA18 (-)STOP (Xbal) R AAGGCCTCTAGACTTGCA Sigma-Aldrich N/A
GCAGCTGCCACAGC
SARS-S (SARS) F CAGACAAACAGCCCCAGACGGGCCAG Sigma-Aldrich N/A
AAGTACTAGCCAAAAATCTATTG
SARS-S (SARS) R TCTGGCCCGTCTGGGGCTGTTTGTCT Sigma-Aldrich N/A
GTGTATGGTAACTAGCACAAATGC
SARS-S (RaTG) F CAGACAAACAGCAGAAGTACTAGCCA Sigma-Aldrich N/A
AAAATC
SARS-S (RaTG) R TCTGCTGTTTGTCTGTGTATGGTAACTA Sigma-Aldrich N/A

GCACAAATGC
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
SARS-2-S (SARS) F GTTTCTTTATTACGTTCTGTGGCCAGC Sigma-Aldrich N/A
CAGAGCATC
SARS-2-S (SARS) R ACGTAATAAAGAAACTGTCTGGTAGC Sigma-Aldrich N/A
TGGCACAGATG
SARS-2-S (RaTG) F CAGACAAACAGCAGATCTGTGGCCAGC Sigma-Aldrich N/A
CAGAGCATC
SARS-2-S (RaTG) R GCTGGCCACAGATCTGCTGTTTGTCTG Sigma-Aldrich N/A
TGTCTGGTAGC
SARS-2-S (delta) F CAAACAGCCCCGCATCTGTGGCCAGCC Sigma-Aldrich N/A
AGAGCATC
SARS-2-S (delta) R GCTGGCCACAGATGCGGGGCTGTTTGTC  Sigma-Aldrich N/A
TGTGTCTGGTAGC
SARS-2-S (opt) F CGAAGACGAAAAAGATCTGTGGCCAGCCA  Sigma-Aldrich N/A
GAGCATC
SARS-2-S (opt) R TCTTTTTCGTCTTICGGCTGTITGTCTGTGT Sigma-Aldrich N/A
CTGG
pCG1 Seq F CCTGGGCAACGTGCTGGT Sigma-Aldrich N/A
pCG1 Seq R GTCAGATGCTCAAGGGGCTTCA Sigma-Aldrich N/A
SARS-S 387F TGTTATACGAGCATGTAAC Sigma-Aldrich N/A
SARS-S 790F AAGCCAACTACATTTATGC Sigma-Aldrich N/A
SARS S 1194F TGATGTAAGACAAATAGCG Sigma-Aldrich N/A
SARS S 1575F TATTAAGAACCAGTGTGTC Sigma-Aldrich N/A
SARS S 1987F GTGCTAGTTACCATACAG Sigma-Aldrich N/A
SARS S 2391F CTAAAGCCAACTAAGAGG Sigma-Aldrich N/A
SARS S 2787F TCAACTGCATTGGGCAAG Sigma-Aldrich N/A
SARS-2-S 651F CAAGATCTACAGCAAGCACACC Sigma-Aldrich N/A
SARS-2-S 1380F GTCGGCGGCAACTACAATTAC Sigma-Aldrich N/A
SARS-2-S 1992F CTGTCTGATCGGAGCCGAGCAC Sigma-Aldrich N/A
SARS-2-S 2648F TGAGATGATCGCCCAGTACAC Sigma-Aldrich N/A
SARS-2-5 3286F GCCATCTGCCACGACGGCAAAG Sigma-Aldrich N/A
pCG1-V5 F TCCCTAACCCTCTCCTCGGTCTCGATTCTACGTG  Sigma-Aldrich N/A
AAAGCTGATCTITTTCCCTCTGCC
pCG1-V5 R GACCGAGGAGAGGGTTAGGGATAGGCTTACCG Sigma-Aldrich N/A
CATGCCTGCAGGTTTAAACAGTCG
pCG1-Xhol R CTCCTCGAGTTCATAAGAGAAGAGGG Sigma-Aldrich N/A
Recombinant DNA
Plasmid: pCG1-SARS-S Hoffmann et al., 2013 N/A
Plasmid: pCG1-SARS-S-HA Hoffmann et al., 2020 N/A
Plasmid: pCG1-SARS-2-S Hoffmann et al., 2020 N/A
Plasmid: pCG1-SARS-2-S-HA Hoffmann et al., 2020 N/A
Plasmid: pCG1-SARS-SA18 Hoffmann et al., 2013 N/A
Plasmid: pCG1-SARS-SA18-V5 This paper N/A
Plasmid: pCG1-SARS-2-SA18 This paper N/A
Plasmid: pCG1-SARS-2-SA18-V5 This paper N/A
Plasmid: pCG1-SARS-SA18 (SARS-2) This paper N/A
Plasmid: pCG1-SARS-SA18-V5 (SARS-2) This paper N/A
Plasmid: pCG1-SARS-SA18 (RaTG) This paper N/A
Plasmid: pCG1-SARS-SA18-V5 (RaTG) This paper N/A
Plasmid: pCG1-SARS-2-SA18 (SARS) This paper N/A
Plasmid: pCG1-SARS-2-SA18-V5 (SARS) This paper N/A
Plasmid: pCG1-SARS-2-SA18 (RaTG) This paper N/A
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pCG1-SARS-2-SA18-V5 (RaTG) This paper N/A

Plasmic: pCG1-SARS-2-SA18 (delta) This paper N/A

Plasmid: pCG1-SARS-2-SA18-V5 (delta) This paper N/A

Plasmid: pCG1-SARS-2-SA18 (opt) This paper N/A

Plasmid: pCG1-SARS-2-SA18-V5 (opt) This paper N/A

Plasmid: pCAGGS-MERS-S-V5 Gierer et al., 2013 N/A

Plasmid: pCAGGS-VSV-G Brinkmann et al., 2017 N/A

Plasmid: pCAGGS-DsRed Hoffmann et al., 2013 N/A

Plasmid: pCG1 Laboratory of Roberto N/A
Cattaneo

Plasmid: pCG1-V5 This paper N/A

Software and Algorithms

Hidex Sense Microplate Reader Software Hidex Deutschland Vertrieb https://www.hidex.de/
GmbH

ChemoStar Imager Software (version v.0.3.23) Intas Science Imaging https://Awww.intas.de/
Instruments GmbH

ZEN imaging software Carl Zeiss https://www.zeiss.com/

Clustal Omega

Adobe Photoshop CS5 Extended (version 12.0 3 32)

GraphPad Prism (version 8.3.0(538))
YASARA (version 19.1.27)

Microsoft Office Standard 2010 (version 14.0.7232.5000)

European Molecular Biology
Laboratory — European
Bioinformatics Institute (EMBL-EBI)

Adobe
GraphPad Software

YASARA Biosciences
GmbH

Microsoft Corporation

https://www.ebi.ac.uk/Tools/msa/
clustalo/; Madeira et al., 2019

https:/fwww.adobe.com/
https://www.graphpad.com/

http: /Awww.yasara.org/; Krieger
and Vriend, 2014

https://products.office.com/home

Other
Prefusion structure of SARS-CoV spike glycoprotein (5X5B)

Yuan et al., 2017 https://www.rcsb.org/structure/5X5B

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stefan
Péhlmann (spoehimann@dpz.eu).

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
The study did not generate unique datasets or code.

METHOD DETAILS

Cell cultures

293T (human, kidney) and Vero (African green monkey, kidney) cells were cultivated in Dulbecco’s Medified Eagle Medium (PAN-
Biotech) supplemented with 10% fetal bovine serum (Biochrom), 100 U/mL of penicillin and 0.1 mg/mL of streptomycin (PAN-
Biotech). Vero cells that stably express human TMPRSS2 have been described previously (Hoffmann et al., 2020) and were cultivated
in the presence of 10 pg/mL blasticidin (Invivogen). Calu-3 (human, lung; kindly provided by Stephan Ludwig, Westfalische Wilhelms-
Universitat, Muenster/Germany) cells were cultivated in Minimum Essential Medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (Biochrom), 100 U/mL of penicillin and 0.1 mg/mL of streptomycin (PAN-Bictech), 1x non-essential amino
acid solution (from 100x stock, PAA) and 10 mM sedium pyruvate (Thermo Fisher Scientific). All cell lines were incubated at 37°C and
5% CO; in a humidified atmosphere.
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Plasmids

Expression plasmids for full-length vesicular stomatitis virus (VSV) glycoprotein (VSV-G), Middle-East respiratory syndrome corona-
virus spike glycoprotein (MERS-S) containing a C-terminal V5 epitope tag, severe acute respiratory syndrome coronavirus spike
glycoprotein (SARS-S) and severe acute respiratory syndrome coronavirus 2 spike glycoprotein (SARS-2-S) both equipped with a
C-terminal hemagglutinin (HA) epitope tag have been described previously (Brinkmann et al., 2017; Hoffmann et al., 2020). Empty
pCG1 expression vector was kindly provided by Roberto Cattaneo, Mayo Clinic, Rochester, MN/USA). Based on the SARS-S and
SARS-2-S expression plasmids we cloned mutated versions with alterations at the $1/S2 cleavage site: We generated SARS-S con-
taining the cleavage site of SARS-2-S, SARS-S (SARS-2), or BetaCoV/bat/Yunnan/RaTG13/2013 (RaTG; GISAID: EPI_ISL_402131),
SARS-S (RaTG). Further, we generated SARS-2-S harboring the S1/S2 cleavage site of SARS-S, SARS-2-S (SARS) or RaTG-S,
SARS-2-S (RaTG). Finally, we constructed SARS-2-S variants in which either the multibasic motif was deleted, SARS-2-S (delta),
orinwhich the proline residue preceding the multibasic motif was mutated to arginine and the alanine residue within the minimal furin
motif was changed tolysine in order to increase the basic environment at the $1/S2 site, SARS-2-S (opf). All newly cloned spike pro-
tein constructs further contained a deletion of 18 amino acids at their respective C terminus as this has been shown to improve co-
ronavirus spike protein incorporation into VSV particles and thus transduction (Schwegmann-WeBels et al., 2009). Further, for each
construct an untagged variant as well as a version containing a C-terminal V5 epitope tag was constructed.

Preparation of pseudotyped particles and transduction experiments

A previously published protocol was employed to produce VSV pseudotype particles (VSVpp) camrying foreign viral glycoproteins in
their envelope (Berger Rentsch and Zimmer, 2011; Kleine-Weber et al., 2019). First, 293T cells were transfected with expression
plasmid for the respective spike glycoprotein or VSV-G or empty expression vector by calcium-phosphate precipitation. At 16 h post-
transfection, the cells were inoculated with VSV*AG-flLuc (kindly provided by Gert Zimmer, Institute of Virology and Immunology, Mit-
telndusern/Switzerland), a replication-deficient VSV vector that lacks the genetic information for VSV-G and encodes for eGFP and
firefly luciferase (fLuc), at a multiplicity of infection of 3. After 1 h of incubation, the inoculum was removed and cells were washed with
phosphate-buffered saline (PBS) before medium containing anti-VSV-G antibody (11, mouse hybridoma supernatant from CRL-2700;
ATCC) was added toall cells except for those expressing VSV-G (here, medium without antibody was added). Cells were furtherincu-
bated for 16 h, before the VSVpp containing supernatants were harvested, freed from cellular debris by centrifugation and used for
experiments.

For transduction, target cells were grown in 96-well plates until they reached 50%-80% confluency. The culture supernatant was
removed by aspiration and 100 pl/well of the respective pseudotype were added (quadruplicate samples). At 16 h posttransduction,
culture supematants were aspirated and cells lysed in 1x cell culture lysis reagent (prepared from 5x stock, Promega) for 20 min at
room temperature. The lysates were then transferred to white, opaque-walled 96-well plates and luciferase activity was quantified by
measuring luminescence upon addition of a substrate (PJK) using a Hidex Sense plate luminometer (Hidex).

Western blot analysis

For the analysis of S protein processing, we subjected VSVpp harboring V5- or HA-tagged S proteins to SDS-PAGE and western blot
analysis. For this, we loaded 1 mL VSVpp onto 50 pl of a 20% (w/v) sucrose cushion and performed high-speed centrifugation
(25.000 g for 120 min at 4°C). Next, we removed 1 mL of supernatant, added 50 pl of 2x SDS-sample buffer and incubated the sam-
ples for 15 min at 96°C. Thereafter, the samples were subjected to SDS-PAGE and protein transfer to nitrocellulose membranes by
western blot. The membranes were subsequently blocked in 5% skim milk solution (PBS containing 0.05% Tween-20 [PBS-T] and
5% skim milk powder) for 1 h at room temperature. The blots were then incubated over night at 4°C with primary antibody solution (all
antibodies were diluted in PBS-T containing 5% skim milk; mouse anti-HA tag [Sigma-Aldrich, H3663, 1:2,500], mouse anti-V5 tag
[Thermo Fisher Scientific, R960-25, 1:2,500] or VSV matrix protein [Kerafast, EB0011, 1:2,500]). Following this incubation, the blots
were washed 3x with PBS-T before they were incubated for 1 h at room temperature with peroxidase-coupled goat anti-mouse anti-
body (Dianova, 115-035-003, 1:10,000). Finally, the blots were again washed and imaged. For this, an in house-prepared enhanced
chemiluminescent solution (0.1 M Tris-HCI [pH 8.6], 250 pg/mL lumincl, 1 mg/mL para-hydroxycoumaric acid, 0.3% H»0,) and the
ChemoCam imaging system along with the ChemoStar Professional software (Intas Science Imaging Instruments GmbH) were used.

Syncytium formation assay

Vero or Vero-TMPRSS2 cells were grown on coverslips seeded in 24-well plates and transfected with S protein expression plasmids
(1 pg/well) using Lipofectamine 2000 LTX with Plus reagent (Thermo Fisher Scientific) and OptiMEM medium (GIBCO). After 6 h the
transfection solutions were aspirated and the cells further incubated for 24 h in standard culture medium. Next, the medium was
changed to serum free medium = 1 pg/mL bovine trypsin (Sigma-Aldrich) and the cells were incubated for additional 24 h. Then,
the cells were washed with PBS, fixed with 4% paraformaldehyde solution for 20 min at room temperature, washed again, air-dried
and incubated for 30 min with May-Gruenwald solution (Sigma-Aldrich). Thereafter, the cells were washed three times with deionized
water, air-dried and incubated for 30 min with 1:10 diluted Giemsa solution (Sigma-Aldrich). After an additional washing interval with
deionized water, the samples were air-dried and analyzed by bright-field microscopy using a Zeiss LSM800 confocal laser scanning
microscope and the ZEN imaging software (both from Zeiss).
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Sequence analysis and protein models

Sequence alignments were performed using the Clustal Omega cnline tool (https//www.ebi.ac.uk/Tools/msa/clustalo/). Protein
models were designed using the YASARA software (httpz//www.yasara.org/index.html). For the generation of the SARS-2-S protein
model the protein sequence was first modeled on a SARS-S template (PDB: 5X5B, (Yuan et al., 2017)) using the SWISS-MODEL on-
line tool (https://swissmodel.expasy.org/). The following sequences information were obtained from National Center for Biotech-
nolegy Information (NCBI) database: SARS-CoV BJ01 (GenBank: AY278488.2), SARS-CoV CUHK-W1 (GenBank: AY278554.2),
SARS-CoV Frankfurt-1 (GenBank: AY291315.1), SARS-CoV Tor2 (GenBank: CS050815.1), SARS-CoV Urbani (GenBank:
AY278741.1), civet SARS-CoV SZ16 (GenBank: AY304488.1), civet SARS-CoV civet020 (GenBank: AY572038.1), raccoon dog
SARS-CoV A030 (GenBank: AY687357.1), bat SARSr-CoV BtKY72/KEN (GenBank: KY352407.1), bat SARSr-CoV BM48-31/BGR/
2008 (GenBank: GU190215.1), bat SARSr-CoV Rs4231 (GenBank: KY417146.1), bat SARSr-CoV WIV16 (GenBank: KT444582.1),
bat SARSr-CoV Rs4874 (GenBank: KY417150.1), bat SARSr-CoV SL-CoVZC45 (GenBank: MG772933.1), bat SARSr-CoV SL-
CoVZXC21 (GenBank: MG772934.1), bat SARSr-CoV LYRal1 (GenBank: KF569996.1), bat SARSr-CoV LYRa3 (GenBank:
KF569997.1), bat SARSr-CoV WIV1 (GenBank: KF367457.1), bat SARSr-CoV RsSHCO014 (GenBank: KC881005.1), bat SARSr-
CoV Rs3367 (GenBank: KC881006.1), bat SARSr-CoV Cp/Yunnan2011 (GenBank: JX993988.1), bat SARSr-CoV Rp/Shaanxi2011
(GenBank: JX993987.1), bat SARSr-CoV HKU3-1 (GenBank: DQ022305.2), bat SARSr-CoV Rm1 (GenBank: DQ412043.1), bat
SARSr-CoV Rp3 (GenBank: DQO71615.1), bat SARSr-CoV Rf1 (GenBank: DQ412042.1), bat SARSr-CoV 279 (GenBank:
DQ648857.1), bat SARSr-CoV 273 (GenBank: DQ648856.1), bat SARSr-CoV YN2013 (GenBank: KJ473816.1), bat SARSr-CoV
Rs/HuB2013 (GenBank: KJ473814.1), bat SARSr-CoV Rs/GX2013 (GenBank: KJ473815.1), bat SARSr-CoV Rf/SX2013 (GenBank:
KJ473813.1), bat SARSr-CoV Rf/JL2012 (GenBank: KJ473811.1), bat SARSr-CoV Ri/HeB2013 (GenBank: KJ473812.1), bat SARSr-
CoV YNLF/34C (GenBank: KP886809.1), bat SARSr-CoV YNLF/31C (GenBank: KP886808.1), bat SARSr-CoV Rs672 (GenBank:
FJ588686.1), bat SARSr-CoV Rs7327 (GenBank: KY417151.1), bat SARSr-CoV Rs4084 (GenBank: KY417144.1), bat SARSr-CoV
Rs9401 (GenBank: KY417152.1), bat SARSr-CoV Rs4247 (GenBank: KY417148.1), bat SARSr-CoV Rs4255 (GenBank:
KY417149.1), bat SARSr-CoV Rs4081 (GenBank: KY417143.1), bat SARSr-CoV Rs4237 (GenBank: KY417147.1), bat SARSr-CoV
As6526 (GenBank: KY417142.1), bat SARSr-CoV Rf4092 (GenBank: KY417145.1), bat SARSr-CoV Longguan-140 (GenBank:
KF294457.1), bat SARSr-CoV Rs806 (GenBank: FJ588692.1), bat SARSr-CoV Anlong-103 (GenBank: KY770858.1), bat SARSr-
CoV JTMC15 (GenBank: KU182964.1), bat SARSr-CoV 16B0O133 (GenBank: KY938558.1), bat SARSr-CoV B15-21 (GenBank:
KU528591.1), pangolin coronavirus MP789 (GenBank: MT084071.1). In addition the following sequences information were obtained
from the Global Initiative on Sharing All Influenza Data (GISAID) database: SARS-CoV-2 (GISAID: EPI_ISL_404895), bat SARSr-CoV
RaTG13 (GISAID: EPI_ISL_402131).

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, statistical significance was tested by one-way analysis of variance with Dunnet’s posttest (GraphPad Prism
7.03). Only p values of 0.05 or lower were considered statistically significant (p > 0.05 [ns, not significant], p < 0.05[], p < 0.01 [7],
p < 0.001 [**)). For all statistical analyses, the GraphPad Prism 7 software package was used (GraphPad Software).
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6. Discussion
MERS-CoV and SARS-CoV-2 pose a severe threat to human health. Both
coronaviruses have a zoonotic origin and recently spilled over into the human
population. MERS-CoV emerged in 2012 in the KSA and, since then, has been
sporadically transmitted from dromedary camels to humans with only limited local
spread mainly restricted to the Middle-East (Mackay and Arden, 2015; Killerby et al.,
2020). In contrast, SARS-CoV-2 infections have been first noticed in the winter of
2019 the city of Wuhan in China from where the virus has subsequently been
disseminated all over the world causing an ongoing pandemic with more than four
million infections and over 280,000 deaths (WHO, 2020). This work demonstrates,
that MERS-CoV and SARS-CoV-2 share striking commonalities with respect to
proteolytic priming of their respective surface glycoprotein, S protein, a step that is

crucial for viral entry into target cells of the human lung.

The investigation and in-depth understanding of the host cell entry process, including
virus attachment to host cells trough interaction of the viral S protein and its cellular
receptor molecule as well as the proteolytic priming of the S protein by host cell
proteases provide the basis for the development of antiviral intervention strategies

(Gao et al., 2013; Du et al., 2017).

Transduction vectors like vesicular stomatitis virus-based pseudotype particles
bearing coronavirus S proteins faithfully mirror the cellular entry process of
coronaviruses and thus provide a save platform to study S-driven host cell entry in
absence of the infectious authentic coronavirus and are thus powerful toll to study the

early events of the viral lifecycle (Tani, Morikawa and Matsuura, 2012).
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6.1. Functional characterization of host cell factors required for cellular
entry driven by the S protein of MERS-CoV
6.1.1. Analysis of molecular requirements for S protein priming revels cell
type specific priming strategies for MERS-S

MERS-S harbors two multibasic cleavage sites, the S1/S2 and the S2’ sites, that are
important for proteolytic priming and thus viral entry into target cells, | could
demonstrate that the requirement for proteolytic priming as the MERS-S S1/S2 site is
cell type dependent while priming at the S2’ site is universally required for S protein
activation. Thus the viral entry driven by a mutant MERS-S variant was strongly
reduced for TMPRSS2-positive Caco-2 cells, while entry into TMPRSS2-negative
Vero cells was at the same level as for wildtype MERS-S. In contrast, mutation of the
S2’ site in MERS-S caused decreased S protein-driven cellular entry for all cell lines
tested (Kleine-Weber et al., 2018). It is now generally believed that a pre-priming
event at the S1/S2 site is mediated by the PPC furin during S protein transport along
the secretory pathway in the infected cell (Gierer et al., 2013), which enables a
second priming event at the S2’ site that is performed by TMPRSS2 after attachment
to new target cells (Park et al., 2016; Kleine-Weber et al., 2018). MERS-S further
harbors an additional cleavage site for CTSL near the S1/S2 site, which was shown
to be required for S protein priming within endosomal vesicles after endocytosis of
receptor-bound virus in TMPRSS2-negative cells (Gierer et al., 2013; Yang et al.,
2015; Park et al., 2016; Kleine-Weber et al., 2018). In this context, a study by Yang
and coworkers showed that introduction of a glycosylation site at the CTSL priming
site in MERS-S severely attenuated S protein-driven host cell entry (Yang et al.,

2015)
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However, the role of CTSL-mediated MERS-S priming is controversially discussed
and there are several lines of evidence, which suggest that it might represent a cell
culture adaptation and has no biological relevance in vivo. In contrast, S protein
priming by TMPRSS2 seems to be crucial for cellular entry driven by the S protein of
MERS-CoV and other coronaviruses in vivo. TMPRSS2 is known to play a crucial
role in activation of S proteins of related coronaviruses such as SARS-CoV or HCoV-
229E, as well as the HA of several IAV strains (Ebara, Fukuda and Saisho, 2003;
Hatesuer et al., 2013; Shirato, Kawase and Matsuyama, 2013, 2018b; Zmora et al.,
2015; Shirato et al., 2016). Further, it is reported that clinical isolates of HCoV-229E,
HCoV-OC43 and HCoV-HKU1 preferentially enter human cells following S protein
priming through TMPRSS2, while the CTSL-mediated S protein priming was mainly
observed for viruses that have been previously passaged in cell culture (Shirato et
al., 2016; Shirato, Kawase and Matsuyama, 2018a). With respect to the availability of
CTSL and TMPRSS2 for priming of coronavirus S proteins in the human lung cells, a
study by Park and colleagues demonstrated that CTSL expression in these cells is
low, while TMPRSS2 expression is high (Park et al., 2016). The latter finding could
further be confirmed and extended to the lung as a whole organ by my own work
(Kleine-Weber et al., 2018). Lack of in vivo relevance for CTSL-mediated S protein
priming has been demonstrated by Zhou and colleagues, who showed that treatment
of SARS-CoV infected mice with a CTSL inhibitor did not protect from fatal disease (9
out of 10 succumbed to infection), while inhibition of serine proteases like TMPRSS2
by administration of camostat mesylate allowed 6/10 mice to survive (Zhou et al.,

2020).
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Given the overwhelming scientific evidence, which indicates that TMPRSS2 is the
main activating protease of the S proteins of HCoV in the human lung a major focus
of my work was dedicated to the in-depth analysis of TMPRSS2-mediated MERS-S

priming.

Similar to trypsin, TMPRSS2 requires only a single basic amino acid residue
(arginine or lysine) for the cleavage of polypeptides (Hooper et al., 2001; Szabo and
Bugge, 2008). Using a mutational approach, in which | exchanged individual or
multiple arginine residues by alanine residues, | could show that the S2’ site is a
substrate for TMPRSS2-mediated MERS-S priming (Kleine-Weber et al., 2018).
Moreover, | found out that only the second arginine (R887) of the multibasic motif at
the S2’ site of MERS-S is crucial for efficient S protein priming by TMPRSS2 (Kleine-
Weber et al., 2018). With respect to the MERS-S S1/S2 priming site | further
demonstrated that removal of either of the two arginine residues abolished MERS-S
pre-priming and, as a consequence, abrogates subsequent MERS-S priming by
TMPRSS2 and thus S protein-driven entry into TMPRSS2-positive target cells. It can
thus be concluded that the MERS-S S1/S2 site is cleaved by proteases that require a
multibasic motif e.g. furin, while the S2’ site is a substrate for proteases that can
cleave at a monobasic motif e.g. TMPRSS2 (Fuller, Brake and Thorner, 1989;
Seidah and Chretien, 1999; Yang et al., 2014; Kleine-Weber et al., 2018). Further,
my work revealed that the expression level of the MERS-CoV receptor DPP4 has an
impact on the dependence of MERS-S priming at the S2’ site. Thus, cellular entry of
viral transduction vectors harboring a MERS-S variant with a mutated S2’ site was
almost at background level for wildtype 293T cells whereas the same S protein
variant allowed for robust viral entry into 293T cells transiently overexpressing DPP4

(Kleine-Weber et al., 2018)
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6.1.2. Natural sequence variations in the S protein of MERS-CoV isolates or
the cellular receptor DPP4 affect viral entry and viral resistance
against antibody-mediated neutralization

The efficacy of S protein binding with its cellular receptor can be influenced by
natural sequence polymorphisms of the S protein. Thus, sequence variations at S
protein residues directly interacting with residues of the receptor molecule might
enhance or decrease binding efficiency. The emergence of polymorphic residues in
coronavirus S proteins can happen spontaneously due to the high mutation rate of
RNA viruses (Elena and Sanjua, 2005; Duffy, 2018). Alternatively, sequence

variations can develop as a consequence of a selective pressure.

During the MERS outbreak in 2015 in the Republic of Korea, which was started by
single infected traveler returning from the Middle East, two particular polymorphisms
in the receptor binding domain of MERS-S, D510G and 1529T, emerged in several
patients (Kim et al., 2016). 1529T was found in 72% of sequences and was passed
on during transmission events. In contrast, D510G was less frequent (Kim et al.,
2016). It was further shown, that both polymorphisms were associated with a
reduced ability of the S protein to bind to DPP4 and polymorphism 1529T was shown
to be less efficient in mediating cellular entry of viral particles (Kim et al., 2016).
However, besides this “negative” effect for the virus no functional benefit was
revealed that could be a selective force to drive emergence of these two

polymorphisms.

In front of this background, | investigated the consequences of the two Korean
polymorphisms on S protein-driven host cell entry and evasion of the adaptive
immune response. | could confirm lower binding efficiency for MERS-S harboring

either polymorphism D510G or 1529T. However, this “defect” was only associated
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with reduced viral entry into target cells expressing low levels of DPP4, whereas for
cells expressing high amounts of DPP4, S protein-driven entry was as or almost as
efficient as for wildtype MERS-S (Kleine-Weber et al., 2019). These results indicate
that infection of target cells expressing high DPP4 levels by MERS-CoV variants
bearing S protein polymorphisms D510G or 1529T would not be compromised. More
importantly, | revealed that both polymorphisms provided the S protein with some
resistance against neutralization mediated by antibodies present in sera from MERS
patients (Kleine-Weber et al., 2019). This observation fits well to the previous study
by Tang and colleagues who reported that MERS-CoV can acquire mutations that
can allow the virus to escape from neutralizing antibodies and that these mutations

could affect receptor binding (Tang et al., 2014).

In sum, these findings are of high importance for vaccine design, as this suggests
that MERS-CoV, and likely other (emerging) coronaviruses, could have the potential
to rapidly escape from neutralizing antibodies that target only a single epitope on the
S protein. It should therefore be a focus to design vaccines that elicit antibodies
against multiple epitopes or administer a combination of monoclonal antibodies with

different targets.

As mentioned before, DPP4, is highly expressed in the human respiratory tract,
which has been also reported for ACE2 (Tipnis et al., 2000; Vliegen et al., 2017).
Besides the presence of sufficient amounts of receptor molecules on the cell surface
also the efficiency of S protein/receptor-interaction is a key factor that defines
whether a coronavirus can successfully enter a target cell. The binding efficiency of
the coronaviral S protein to its respective receptor can be affected by natural-
occurring polymorphisms present in either the S protein or in the receptor molecule,

especially at the binding interface. Naturally-occurring polymorphisms can be found
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in all proteins. In most cases these polymorphisms are not associated with a
phenotype for the host, however, in some cases, single nucleotide polymorphisms
(SNPs) can cause amino acid changes and thereby affect protein function, which
itself can induce diseases including different types of cancer or metabolic disorders
(e.g. diabetes) (Bohm et al., 2017; Hoppe et al., 2018). Diabetes, like obesity and
heart conditions, is an underlying condition (comorbidity) in MERS or COVID-19
patients that is associated with increased risk for severe disease and mortality
(Guery et al., 2013; Al-Tawfiq et al., 2014; Memish, Cotten, Watson, et al., 2014,
Rabeeah et al., 2014; Guan et al., 2020; Guo et al., 2020). The coronavirus receptors
DPP4 and ACE2 have been shown to be involved in metabolic processes (e.g.
glucose metabolism, blood pressure regulation) that are often disturbed in patients
suffering from severe coronavirus infection (Crowley et al., 2005; Demuth, Mclntosh
and Pederson, 2005; Memish, Cotten, Watson, et al., 2014; Guo et al., 2020). DPP4
plays a crucial role for the glucose metabolism and ACE2 plays an important role on
the insulin secretion in pancreatic islets and the homeostasis of vascular function
including the blood pressure (Crowley et al., 2005; Demuth, McIntosh and Pederson,
2005; Tikellis and Thomas, 2012). Further, polymorphisms in ACE2 have already
been shown to play a role in systemically arterial hypertension and diabetes (Liu et

al., 2018; Pinheiro et al., 2019).

Whether naturally-occurring polymorphism in the MERS-CoV receptor DPP4 may
have an impact on MERS-S-driven cell entry — and thus susceptibility to MERS-CoV
infection — had not been investigated before. Therefore, | analyzed natural sequence
variations in DPP4 at the MERS-S/DPP4 binding interface and found that some of
them were associated with reduced S protein-driven host cell entry and replication of

authentic MERS-CoV. Further, | could reveal that this phenotype was caused due to
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a less efficient binding of MERS-S to the respective DPP4 variants (Kleine-Weber et

al., 2020).

Based on these findings it would be interesting to expand this kind of study to ACE2
and to screen MERS and COVID-19 patients for the presence of polymorphisms in
DPP4 or ACE2, respectively, in order to investigate whether particular
polymorphisms are associated with mild or severe disease. Further, it could be
analyzed if particular populations, ethnic groups or people with chronic medical
conditions possess unique polymorphisms that make them less/higher susceptible to
infection and/or development of severe disease. A straight-forward study could
comparatively analyze populations in Africa and the Arabia Peninsula regarding the
presence and distribution of DPP4 polymorphisms. This would be interesting as the
vast majority of MERS cases is attributed to Saudi-Arabia while MERS-CoV-positive
dromedary camels are present through-out the Western and Eastern part of North-
Africa as indicated by several studies (Chu et al., 2014; Mdlller et al., 2014; Reusken

et al., 2014; Mohd, Al-Tawfig and Memish, 2016).

6.1.3. S proteins of MERS-CoV isolates that were recently found in
dromedary camels in Africa enable efficient viral entry into human
cells

Shortly after the emergence of MERS-CoV in 2012 in Saudi-Arabia and the
identification of dromedary camels as the main source of human infections, several
studies have shown that also African camels harbor MERS-CoV (Chu et al., 2014;
Mdaller et al., 2014; Reusken et al., 2014; Mohd, Al-Tawfiq and Memish, 2016).
However, although there are ongoing MERS-CoV infections reported for the Arabian

Peninsula since 2012 (WHO, 2019) only limited evidence has been obtained for
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MERS-CoV infections in humans with camel-contact in Africa (Abbad et al., 2019;
Kiyong'a et al., 2020; Sayed, Malek and Abushahba, 2020). It was thus speculated
that MERS-CoV variants present in African dromedaries might differ with respect to
their potential to infect humans from MERS-CoV variants prevalent in the Arabian
Peninsula (H. Chu et al., 2018). Moreover, two studies suggest that African camel
MERS-CoV variants are less efficient in entering and replicating in human cells (H.

Chu et al., 2018; Shirato et al., 2019).

In the light of these results, | investigated whether the S proteins from MERS-CoV
variants circulating in dromedary camels in North- and West-Africa differ in their
potential to drive viral entry into human cells compared to S proteins from MERS-
CoV variants found in the Middle East. | found out that there were no differences in
the cellular entry efficiency by viral particles harboring either the prototype Arabian
MERS-S or S proteins related to MERS-CoV variants from African dromedaries. |
could further show that all S proteins tested displayed the same potential to bind to
DPP4 (Kleine-Weber, Pohimann and Hoffmann, 2019). A plausible explanation for
the different findings could be that host cell entry might not be different for African
and Arabian MERS-CoV variants and that post-entry events are the reason for the
different extent of human infections in the two regions. Nevertheless, it should also
be taken into account that it might as well possible that human MERS-CoV infections
are severely underreported in Africa due to lack of diagnostic tests and/or an
insufficient capacities in the infrastructure of the health care system in most African

countries.
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6.2. Identification of ACE2, furin and TMPRSS2 as host cell factors
required for cellular entry of SARS-CoV-2

With respect to the novel coronavirus SARS-CoV-2, | participated in a collaborative
study, which identified ACE2 as the cellular receptor for SARS-CoV-2 and TMPRSS2
as the cellular protease required for SARS-2-S priming in order to enable infection of
human lung cells (Hoffmann, Kleine-Weber, et al., 2020). Most importantly, this study
showed that inhibition of TMPRSS2 provides a promising antiviral therapy and
identified a clinically-approved TMPRSS2 inhibitor (camostat mesylate) as a potential
treatment option (Hoffmann, Kleine-Weber, et al., 2020). Like MERS-S, SARS-2-S
also harbors a multibasic motif at the S1/S2 site, which is different from SARS-S,
which contains a monobasic motif at the S1/S2 site. With respect to the S2’ site, only
MERS-S harbors a multibasic motif while SARS-2-S and SARS-S each have
monobasic motifs at their S2’ sites (Gierer et al., 2013; Reinke et al., 2017,
Hoffmann, Kleine-Weber, et al., 2020). Based on my findings on the proteolytic
priming of MERS-S, it was expected that proteolytic priming of SARS-2-S might also
follow a two-step process, including pre-priming at the S1/S2 site by a protease that
requires a multibasic motif (e.g. furin) (Nakayama, 1997) and a second priming event
at the S2’ site involving a protease that requires only a monobasic motif (e.g.
TMPRSS2) (Kleine-Weber et al., 2018). My work could demonstrate that similar to
MERS-S, also SARS-2-S undergoes a proteolytic cleavage event in S protein
expressing cells before a new host cell entry event is started (Hoffmann, Kleine-
Weber and Péhlmann, 2020; Hoffmann, Kleine-Weber, et al., 2020). Furthermore, |
was able to verify that SARS-2-S priming at the S1/S2 site is achieved by the cellular
protease furin and that this pre-cleavage is required for a subsequent priming event
by TMPRSS2 at the S2’ during host cell entry into human lung cells (Hoffmann,

Kleine-Weber and Péhimann, 2020).
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6.3. Inhibition of S protein priming by the cellular protease TMPRSS2
provides a strategy for antiviral therapy

The importance of TMPRSS2-mediated priming of S proteins of human
coronaviruses suggests that interfering with this step could provide a promising
strategy for antiviral therapy. Camostat mesylate is a serine protease inhibitor and is
approved for the treatment of pancreatitis in Japan. Previous work including my own,
could demonstrate that camostat mesylate-mediated inhibition of TMPRSS2 can
block MERS-S, SARS-2-S and SARS-S protein-driven host entry into human lung
(Kleine-Weber et al., 2018; Hoffmann, Kleine-Weber, et al., 2020; Hoffmann,
Schroeder, et al., 2020). Likewise, it was shown that camostat mesylate also inhibits
viral replication of authentic MERS-CoV and SARS-CoV-2 in TMPRSS2-positive
target cells (Kawase et al, 2012; Zhou et al, 2015; Shirato, Kawase and
Matsuyama, 2018a; Hoffmann, Kleine-Weber, et al., 2020). Besides camostat
mesylate also other serine protease inhibitors could serve as treatment options for
patients infected with emerging coronaviruses. In this context, nafamostat mesylate,
an FDA (U.S. Food and Drug Administration)-approved serine protease inhibitor was
identified to be highly effective in inhibiting entry driven by the S proteins of SARS-
CoV, SARS-CoV-2 and MERS-CoV as well as replication of authentic SARS-CoV-2
in human lung cells (Hoffmann, Schroeder, et al., 2020). The ability of nafasmostat
mesylate to block replication of MERS-CoV has also been demonstrated by others
(Yamamoto et al., 2016). Although, serine protease inhibitors appear to be promising
therapeutics against coronavirus infections in vitro data from clinical studies for their
use as treatment options for patients infected with MERS-CoV or SARS-CoV are

currently missing.
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It has been claimed that presence or acquisition of a multibasic cleavage site in
coronavirus S protein, like that found in MERS-S or SARS-2-S, is a crucial factor
defining the zoonotic potential of animal coronaviruses (Yang et al., 2014; Menachery
et al., 2019). Analysis of SARS-2-S-related S protein sequences from other
betacoronaviruses found in bats and other animals revealed that only SARS-2-S
harbors a multibasic cleavage site at the junction of the S1 and S2 subunits (Coutard
et al., 2020; Hoffmann, Kleine-Weber, et al., 2020; Jaimes et al., 2020; Walls et al.,
2020). In case of MERS-S it was shown that furin-mediated cleavage at this site
enables subsequent TMPRSS2-mediated MERS-S priming during host cell entry at
the S2’ site (Park et al., 2016), as mentioned before. The presence of multi- or
monobasic motifs might also be important for the disease development as furin is
ubiquitously expressed, while TMPRSS2 is mainly found in the aerodigestive tract
(Vaarala et al., 2001). In case of avian |AV, infections of poultry by viruses harboring
monobasic motifs in their HA are mostly limited to the intestinal and respiratory tract,
whereas infections by viruses harboring multibasic motifs in their HA can lead to

systemic viral spread (Luczo et al., 2009; Yang et al., 2014; Menachery et al., 2019).

Whether the presence of a multibasic motif at the S1/S2 site of SARS-2-S is
processed by furin in infected cells and whether this proteolytic cleavage is required
for infection of new target cells and efficient viral spread within the host was so far
unknown. Using SARS-2-S variants with altered S1/S2 cleavage motifs and protease
inhibitors | revealed that SARS-2-S is indeed proteolytically processed by the cellular
protease furin in S protein expressing cells. Moreover, | was able to show that this
priming event is necessary for subsequent S protein processing by TMPRSS2 and
efficient viral entry into human lung cells (Hoffmann, Kleine-Weber and Pohlimann,

2020). Finally, I also obtained evidence for the potential of SARS-CoV-2 to be spread
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from cell to cell by inducing the fusion of SARS-2-S-expressing cells with neighboring
cells even in the absence of TMPRSS2, a phenotype that is also observed for
MERS-S (contains a multibasic motif at the S1/S2 site) but not SARS-S (contains a
monobasic motif at the S1/S2 site) (Hoffmann, Kleine-Weber and Péhimann, 2020).
This finding could explain why SARS-CoV-2 is efficiently spread among the human
population, as the virus could initially infect ACE2-expressing cells in the upper
respiratory tract and subsequently be amplified into his region by inducing cell-cell
fusion. As a result, high concentrations of virus would be present in the upper

respiratory tract and could thus be disseminated by coughing or exhaling.

6.4. Concluding remarks
Receptor engagement and proteolytic priming of the coronaviral S protein are crucial
events in the entry process of coronaviruses and especially the latter displays a
potential target for antiviral treatment. The existence of natural polymorphisms in
both the S proteins of coronaviruses and their respective host cell receptors indicate
that virus variant- or patient-specific polymorphisms can have an impact on the viral
infectivity and the host’s susceptibility to infection and (possibly) development of
severe disease. The different studies presented here, which have been conducted as
part of my thesis, provide important insights on the proteolytic activation of
coronavirus S proteins and host cell entry of emerging coronaviruses, and thus might
help to develop new or improve existing strategies for the design of vaccine and

antiviral compounds.
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7. Outlook
Before the beginning of this century, coronaviruses have been largely neglected as
they were “only” associated with mild, self-resolving upper respiratory tract infections.
However, since the emergence of SARS-CoV in 2002, the research interest in
coronaviruses has increased and let to fundamental discoveries in the biology of
coronaviruses including their replication, the proteolytic activation of their S proteins
and the zoonotic of human coronaviruses. Recent research studies identified
important points for the molecular understanding of MERS-CoV and SARS-CoV-2
and the development of vaccines and antiviral therapeutics. Nevertheless, the
ongoing SARS-CoV-2 pandemic emphasizes that even today animal coronaviruses
can spill over from an animal reservoir to the human population and cause
devastating consequences for our health and economics. Therefore, there is the
urgent need further increase research capacities on coronaviruses addressing points

like:

1) How to develop effective and broadly-active vaccines and therapies against known

(and presently unknown) coronaviruses?

2) How and how frequent do animal coronavirus recombine in nature and what kind
of recombination events can drive the emergence of a zoonotic coronavirus and

allow the virus to cross the species barriers?

3) With respect to MERS-CoV, why are some regions like the Middle East are more

affected than others (Africa) despite similar virus prevalence in dromedary camels?

4) How can zoonotic coronaviruses escape the human immune response after spill-

over events from an animal reservoir?
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Hopefully, this study provides some insights on the proteolytic activation of
coronavirus S proteins, which might help to design antiviral therapeutics against

coronaviruses like MERS-CoV and SARS-CoV-2 in the future.
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