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PT-INR 1.26 INR CRP 21.92 mg/dL
APTT. 34.9 sec
FDP ~ 5.4 ug/mL
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Abstract

The coronavirus disease 19 (COVID -19)-is a h1ghly transmrttable and pathogemc v1ral

1nfect1on caused by severe acute respiratory syndrome coronav1rus 2 (SARS-CoV-2), whrch‘

emerged in Wuhan, Chma and spread around the wor' Genom1c analys1s revealed that SARS-

CoV-2 is phylogenetrcally related to severe acute reSplratory syndrome-like (SARS lllce) bat
viruses, therefore bats could be the poss_lble .prrmary. reservoir, The intermediate source of origin
and transfer to humans is not lcnoWn, lfo\erer{thelrapid human to human transfer has been
confirmed widely. There is no elinl'c,ally approved antiviral drug or vaccine available to be used
against COVID 19. However:feyir" broad—spectrum antivlral drugs have been 'evaluated against
COVID 19 in clinical tuals resulted in clinical recovery. In the current review, we summarize and
comparatively analyze the emergence and pathogemclty of COVID 19 infection and previous
human coronawruses severe acute respiratory syndrome coronavirus (SARS CoV) and middle east
resplratoxy syndrome ‘coronavirus (MERS-CoV). We also discuss the approaches for developing

_effectwe vaccmes and therapeutic combmat1ons to cope with this viral outbreak.

, Keywords Coronavlruses COVID- 19 Origin; Outbrealc Spread
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‘Introduction

Cofonavirnsee belong to the Coronaviridae family. in the Nidovirales orlde.r. Coronia
ren_resents crown-like spikes on the outer surface of the \firus; thus, it was named as a coronavirus,
Coronaviruses are minute in size (65-125nm in dianlefer) and contain a single- stranded RNA asa
nucleic material, size ranging from 26 to 32kbs in length (Fig. 1). “The subgroups: of coronav:ruses
family are alpha (o), beta (), gamma (y) and delta (8) coronavirus. The severe acute respxratory
~ syndrome coronavirus (SARS CoV), H5N1 influenza A, HIN1 2009 and Mlddle East respiratory
‘.syndrome coronavirus (MERS-CoV) cause acute lung injury (ALI) and acute resplratory distress
syndromé (ARDS) which leads to pulmonary failure and result i Jn fatahty ‘These viruses were
thought to infect only’ anrmals until the world witnessed a severe acute respiratory syndrome
(SARS) outbreak caused by SARS-CoV, 2002 in Guangdong, Chma (1). Only a decade later,
another patho gemc coronavirus, known as Middle East resplratory syndrome coronavirus (MERS-

CoV) caused an endemic in Middle Eastern eeuntne:sr__-;l_@).,,fl

+ ANA
i Splke protein {5)

Membrane glycoproteln (M)

Lipid bilayer

.2 :Figire 1: Structure of respiratory syndrome causing human coronavirus.

| Reeent‘lyiat the end of 2019, Wuhan an emerging business hub of China experienced an outbreak
of a nove! coronavirus that killed more than eighteen hundred and infected over seventy thousand

“individuals within the first fifty days of the epidemic. This virus was reported to be a member of .
the B group of coronaviruses. The novel virus was named as Wuhan coronavirus or 2019 novel

coronavirus (2019-nCov) by the Chinese 1'esearchers. The International Committee on Taxonomy
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of Viruses (ICTV) named the virus as SARS-‘CoV-Z' and the disease as COVID-19 (3-5). In the
~ history, SRAS-CoV (2003) infected 8098 individuals with mortality rate of 9%, across 26 contries

in the world, on the other hand, novel corona virus (2019) infected 120000 induviduals with

mortality rate of 2.9%, across 109 countries, till date of this writing. It shows that the trarismission
| rate of SARS-CoV-2 is higher than SRAS-CoV and the reason could be genetic recombination
~eventat § protem in the RBD region of SARS-CoV-2 may have enhanced its tranSmrssmn ability.
In 'this review artlele we discuss the origination of human coronaviruses brleﬂy We further
discuss the associated infectiousness and biological features of SARS and MERS w1th a specral
focus on COVID-19. ' '

Comparative analysis of emergence and spreading of coronavirusés - s

In 2003, the Chinese population was infected with"faq,;l'i'i"us causing Severe Acute

- Respiratory Syndrome (SARS) in Guangdong province. The'v ﬁas conﬁrmed as a member of

pneumonia symptoms with a drffused alveolar rnjury“;whmh lead to acute respiratory distress
syndrome (ARDS). SARS initially emerged in, Guangdong, China and then spread rapidly around
the globe with more than 8000 infected: persons and 776 deceases. A decade later in 2012, acouple
of Saudi Arabian nationals were dragnosed o, be infected with another coronavirus. The detected
virus was confirmed as a member of coronavrruses and named as the Middle East Respiratory
Syndrome Coronavirus (MERS CoV) "The World health organization reported that MERS-
coronavrrus infected more than 3428 individuals and 838 deaths (8). MERS-CoV is a member
beta-coronavirus subgroup and phylogenetrcally diverse from other human—CoV The mfectron of
MERS-CoV 1_nrt1atee :from a mild upper respiratory injury .while progression leads to severe

respiratory dise'as'e Similar to SARS-coronavirus, patients infected with MERS-coronavirus suffer

pneurnoma followed by ARDS and renal failure (9).

Recently, by the end of 2019, WHO was informed by the Chinese government about
several cases of pneumonia with unfamiliar etiology. The outbreak was initiated from the Hunan
seafood market in Wuhan city of China and rapidly infected more than 50.peoples. The live
animals are frequently sold at the Hunan seafood market such as bats, frogs, snakes, birds, marmots
and rabbits (10). On 12 January 2020, the National Health Commission of China released further

details about the epidemic, suggested viral pneumonia (10). From the sequence-based analysis of
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isolates from the patients, the virus was xdentlﬁed as a novel coronavirus, Moreover, the genet1c :
sequence was also prov1ded for the diagnosis of viral 1nfect1on Initially, it was suggested that the-
patients infected with Wuhari coronavrrus induced pneumonia in China may have visited the
seafood market where live animals were sold or may have used 1nfected‘an1mals or birdsas a
source of food: However, further investigations revealed that some indiuiduals contracted the
" infection even with no record of visiting the seafood market. ".[hese observations indicated a human
to the human spreading capability of this vn‘us which was subsequently reported mmore than 100
countries in the world. The human to the human spreadrng of the virus occurs. due to close contact

with an infected person, exposed to coughing, sneezing, respiratory droplets or aerosols These

aerosols can penetrate the human body (lungs) via inhalation through the nose or mouth (Fig 2)
(11-14). - l . . o .

Primary reservoirs and hosts of coronaviruses

The souree of origination and transmission:3a1‘ei»i‘mi§ortartf- to be determined in order to
develop preventive strategies to contain the inlfe'c'tion/;i}f['nthe case of SARS-CoV, the researchers
initially focused on raccoon dogs and palmcwetsas a.l{ey'reservoir of infection. However, only
the .samples isolated from the civets at the food market showed positive results for viral RNA
detection, suggesting that the civet palm mlght be secondary hosts (15)., In 2001 the samples were ‘
isolated from the "healthy persons of Hongkong and the molecular assessment showed 2.5%

-frequency rate of anti- bodles agalnst SARS- -~coronavirus. These indications suggested that SARS-
coronavirus may be- cnculatmg i humans before causing the outbreak in 2003 (16). Later on,
- Rhinolophus bats were also found to have anti-SARS-CoV antibodies suggesting the bats as a
source of vnal'r epheatron (17). The Middle East respiratory syndrome (MERS) coronavirus first
emerged in 20121n éaudi Arabia .(9). MERS-_coronavirus also pertains to beta-coronavirus and
having_calnels a's' a zoonotic source or primary host (18). In a recent study, MERS-coronavirus was
also d.e'té'e_ted: m Pipistrellus and Perimyotis bats (19), proffering that bats are the key host and
, tran_srnitt'ihg medium of the virus (20, 21). Initially, a group of researchers suggested snakes be the
possible'host, however, after genomic sirnilarity findings of novel coronavirus with SARS.~1ike bat
viruses 'supported the statement that not snakes but only bats could be the key reservoirs (Tahle I}

(22, 23). Further analysis of homologous recombination revealed that receptor binding spike
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glycoprotein of novel c_oronavirué is developed from a SARS-CoV (CQVZXCZI or CoVZC45) B

“anda yet uriknolwn Beta-CoV (24). Nonetheless, to eradicate the virus, more work is required to -
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be done in the aspects of the identification of the intermediate zoonotic source that caused the transmission of the virus to humags.

Inter-species
transmission

Intra-species
transmission ‘ .
Coronavirus -~
insisters

Alphacerenavirus

" Lineage B, C, D

Betacoronavirus -

Lineage A

~

Caranavirus

I Gammacaranavirus .

I Deltacoronavirus

F igure 2: The ke}; reservoirs and mbde__of'transinission of coronaviruses (suspected reservoirs of SARS-CoV-2 are red encircled); only
o and f coronaviruses have the ability to infect humans, the consumption of infected animal as a source of food is the major cause of

animal to human transmissiah of ‘fhe virus and due to close contact with an infected person, the virus is further transmitted to healthy

' pcrsons." Dotted black arrow ‘shows the possibility of viral transfer from bat whereas the solid black arrow represent .the confirmed

transfer.



Key features and entry mechanism of human coronaviruses

All coronaviruses contaie specific genes in ORF1 -eiownstream regions that encode pfoteins
for viral rephcanon nucleocap51d and spikes formation (25). The glycoprotem spikes on the outer
surface of coronavirusés are responsible for the attachment and entry of the virus to host cells (Fig
1). The receptor-bmdmg domain (RBD) is loosely attached among virus, therefore, the virus may

: mfect multlple hosts (26, 27). Other coronaviruses muostly recognize ammopept1dases or
carbohydrates as a key receptor for entry to human cells while SARS-CoV an MERS CoV
recognize exopeptidases (2). The entry mechanism of a coronavirus depends upon celiular
proteases which include, human ajrway trypsin-like protease (HAT)». -cathepsins and
transmembrane protease serine 2 (TMPRSS2) that split the spike protem and establish further

) 1dyI pepudase 4 (DPP4), while

HCoV-NL63 and SARS-coronavirus require ang1otensm—eenvertmg enzyme 2 (ACEZ) as a key.

‘-'penetration changes (28, 29) MERS-coronavirus employs dlpe

receptor (2, 26).

:

SARS-CoV-2 possesses the typical corone._.. ] 1'us structure with spike protein and also
expressed other polyproteins, nucleoplotelns and membrane proteins, such as RNA polymerase,
3-chymotrypsin-like protease, papam—llk_e_:_:_p,getease, hellcase, glycoprotein, and accessory proteins
(30, 31). The spike protein.of SARS!-COV-%leentains a 3-D structure in the R]éD region to maintain
the van‘ der Waals forces (32). The 394 glutamine residue in the RBD regien of SARS-CoV-2 is
recognized by the critical lysme 31 residue on the human ACE2 receptor (33). The entire
mechamsm of pathogemmty of SARS-CoV—2 from attachment to replication is well mentioned in

Figure 3.
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F1gure 3: The life cycle of SARS- CoV-2 1n'host cells; begins 1ts life cycle when S protein binds to
the cellular receptor ACEZ2. After receptor bmdmg, the conformation change in the S protein
facilitates viral envelope fusion W1th the cell membrane through the endosomal pathway. Then
SARS-CoV-2 releases RNA 1nt0 the host cell. Genome RNA is translated into viral rephcase

polyproteins ppla ant;l lab;-:whlch are then cleaved into small products by viral proteinases. The |
t;olyme'rase prodtic‘es..la?seria.s of subgenomic mRNAs by cliscontinuoﬁs transcription and finally

translated 1nto relevant ‘viral proteins. Viral protems and genome RNA are subsequently assembled

into: v1110ns in the ER and Golgi and then transported via vesicles and 1eleased out of the cell.

ACEZ, anglotensm-convertmg enzyme 2; ER, endoplasmic reticulum ERGIC, ER-Golgi

1ntermct11ate-compartment.
Genomic variations in SARS-CoV-2

The genome of the SARS-CoV-2 has been reported over 80% identical to the previous
human coronavirus (SARS-like bat CoV) (34). The Structural proteins are encoded by the four

structural gertes, inchuding spike (S), envelope (B), membrane %)) anid riucleocapsid (N) genes.
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The orflab is the largest gene in SARS-CoV-2 which encodes the pplab protein and 15 nsps. The

orfla gene encodes for ppla protein which also contains 10 hsps (34-36). According to the
evolutionary tree, SARS-CoV-2 lies close to the group of SARS-coronaviruses (37, 38) (Fig. 5).
Recent studies have indica_téd notable yariatiorls in SARS-CoV and SA_RS-CoV—2lsuch as the
absence of 8a protein and ﬂuctuation in the number of amiﬁo acids in 8b and 3¢ pfoteih in SARS-
CoV-2 (34) (Fig. 4). It is also reported that Spike glycoprotein of the Wuhan coronawrus is
. modified via homologous recombination. The spike glycoprotein of SARS- COV-Z is the rnxxture
of bat SARS-CoV and a not known Beta-CoV (38). In a fluorescent study, 1t was conﬁrmed that
the SARS-CoV-2 also uses the same ACE2 (angiotensin- -converting enzyme 2) celI receptor and -
mechanism for the entry to host cell which is previously used by the SARS CoV (39, 40). The
- single N501T mutation in SARS-CoV-2’s Spike protem may have 51gn1ﬁcantly enhanced its
binding afﬁmty for ACE2 (33)

SARS-CoV-2

5'UTR

- SARS-CoV
5'UTR —

MERS-CoV
S'UTR

S

Figure 4: Bétacorone{yi_l_:uses'f‘genome organizé.tion; The Betacoronavirus for human (SARS—CoV;
2, SARS-CoV and MERS CoV) genome comprises of the 5'-untranslated region (5'-UTR), open
readmg frame (ort) “Ja/b (green box) encoding non-structural proteins (nsp) for replication,
structural protcms including spike (blue box), envelop (maroon box), membrane (pink box), and
psid (cya.n box) proteins, accessory proteins (light gray boxcs) such as orf 3, 6, 7a, 7b, 8
and 9b in the SARS-CoV-2 genome, and the 3“untranslated region (3'-UTR). The doted underlined
in red arc the protein which shows key variation between SARS-CoV-2 and SARS-CoV. The

length of nsps and orfs are not drawn in scale.

_54_



p—

Afphacaronavirus

Betacorona vlrus

Deitacoranavirus

|

............ Bl SARS GV AIY

Bat SARS GOV Am 3
TS FMP_) VilhanHu-t
O GAVILEA-CA L2050
2015 HCoVIUSA-CAR E02G
20019 m‘.‘oﬂ[”’i& S Frlizls)
20191V, WHUGZ .
2058.nCoV_ WHUGL

2019 nCn\UuSA«Wn!,flOZu
2019-n¢oV_HRU-5Z.005b_2920
2019-1C0Y_HKULSZ.002a_2020
203V-ACAVIIEAAZL NI
WRFMPWIVOY

WEEMPAWIVOL

WSERIP-WIV0H

WEMB-WIVGS

WEFME VoS

Bat SARS Tke CoV Rpd

SARS CaY

Bat SARSike Cov WiVL
'{ SARS:Jike CoV W1Yid

Bela-CaV

Flgure 5: Phylogenetic tree of coronav1ruses (content in red is the latest addition of newly emerged
SARS-CoV-2 and WSFMP Wuhan—Hu 1 is used as a reference in the tree); The phylogenetic tree -
showing the relationship of W_uhan—Hu—l (denoted as red) to selected coronavirus is based on nucleotide
sequences of the domplete éen01ne. The viruses are grouped into four genera (prototype shown):

‘Alphacmonawrus (sky blue), Betacmonavnus {(pink), Gammacoronavirus (green) and Deltacoronavirus

(l1ght blue) ' Subgmup clusters are labeled as la and 1b for the Alphacoronawrus and 2a, 2b,2¢, and 24 for

the Betacor011av1rus This tree is based on the published trees of Coronavirinae (3, 41) and reconstructed -

with sequesices of the complete RNA- dependent RNA polymerase- coding region of the répresentative

novel coronaviruses (maximuin likelihood method using MEGA 7.2 software). severe acute respiratory
: syndrome coronavirus (SARS- CoV); SARS- related coromavirus (SARSr- CoV); the Middle East
respitatory syndrome coronavirns (MERS- CoV); porcine enteric diarrhea virus (PEDV); Wuhan seafood

matket pneumonia (Wuhan-Hu-1). Bat CoV RaTG13 Showed high sequence identity to SARS-CoV-2 (42).
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The major obstacle in research progress .

Animal models play a vital réle to uncover the mechanisms of viral patho genie_ity from the
entrance to the transmission and designing 'thefapeutic strategies. .Previously, to examine the
'repiicatien of SARS-CoV, various animal models were. used which showed the symptoms of
severe infection (43). In contrast to SARS- cbv no MERS-CoV pathogenesis was observed in
small anlmals Mice are not vulnerable to infection by MERS- co1onavnus due to the non-
compatibility of the, DPP4 receptor (44). As the entire genome of the 2019-novel - coronav1rus is
more than 80% similar to the previous human SARS-like bat CoV, previously used—, ammal rnode]s
“for SARS-CoV can be utilized to study the infectious pathogenicity'of SARS_—GOY’-'Z. The hunlan
ACE?2 cell receptor is recognized by both SARS and Novel coronavi,'ru.se_s. Cenclusively, TALEN
or CRISPR-mediated genetically modified hamsters or other small ‘anides can be utilized for the .~
study of the pathogenmlty of novel coronaviruses. SARS- CoV has been reported to repllcate and
cause severe disease in Rats (F344), where the sequence analysm revealed a mutation at spike
| glycoprotein (45). Thus, it eouid be another su1table optlon to develop splke glycoprotein targeting
therapeut1cs against novel coronaviruses. Recently, mite thodels and clinical isolates were used o
develop any therapeutic strategy agamst SARS CoV-2 induced COVID-19 (46, 47). In a similar
study, artificial intelligence plCdICtIOI'l was, used to investigate the inhibitory role of the drug
against SARS-CoV-2 (48). SARS CoV-?_ infécted patients were also used to conduct randomized
clinical trials (46, 49, 50). It is' no_w 1n1_portant that the scientists worldwide collaborate the design
"a suitable model and invest'ig‘etethe"in vivo mechanisms associated with pathogenesis of SARS-

CoV-2,
Potential therapeutie strategies against COVID-19

In1t1a11y, 1nterfer0ns -0 nebulization, broad-spectrum antibiotics, and antl-wra] drugs were -
| used to, 1educe the viral load (49, 51, 52), however, only remdesivir has shown promlsmg impact
against’ the virus (53). Remdesivir only and in combination with chloroquine or interferon beta

signiﬁee'ntly blocked the SARS-CoV-2 replication and patients were declared as ciinicaily. |
. . recovered (46, 50, 52). Various other. anti-virals are currently being evaluated against infection.
Nafamostat, Nitazoxanide, Ribavirin, Penciclovir, Favibiravir, Ritonavir, AAK1, Baricitinib, and
Arbidol exhibited moderate results when tested against infection in patients and in-vitro clinical

isolates (46, 48, 50, 52). Several other combinations, such as combining the antiviral or antibiotics
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with traditionél Chinese medicines were also evalnated agaihst SARS-CoV-2 induced infection in

humans and mice (46). Recently in Shanghai, doet_drs isolated the blood 'lplasr_na from clinically
recovered patients of COVID-19 and injected it in the infected patfents who_ showed positive
results with rapid recovery (54). In a recent stﬁdy, it was identified that monoelopel antibedy
(bR3022) binds with the spike RBD of SARS-CoV-2. This'is likely due to the antibody’s epitope: -
not overlapping with the divergent ACE2 feceptor-binding motif. CR3022 has the potential to be
developed as a therapeutic candldate alone or in combination with other neutrahg\mg antlbodlesl

for the prevention and treatment of COVID-19 infection (5 5).
Vaccines for SARS-CoV-2 - PSR

. There is no available vaccine agaihst COVID-19, while pﬁév&iﬁs;_ﬁaccines or strategies
used to develop a vaccine against SARS-CO_V can be effect_;ivei'i-']E_{e'coﬁibinant protein fr'oin the
Urbani (AY278741) strain of SARS-CoV was administered It'e'-"lg,l.i_.cefand hamsters, resulted in the
production of neutralizing antibodies and protectiq_n qga‘i’i‘]:s.:t S;A‘LRS-CDV (56, 57). The DNA
‘ . """'efi_,SARS'-CoV (AY278741), significantly
). Different other straiﬁs of SARS-CoV
were also used to pr oduce inactivated or hve—wctm ed vaccmes which efﬁclently reduced the viral
load in animal models. These strains mclude,;_Tor?. (AY2741 19) (64, 65), Utah (AY714217) (66),
FRA (AY310120) (59), HKU-39849 (AY278491) (57, 67), BIOL- (AY278488) (68, 69), NSI |
(AY508724) (70), Zio1 (AY297028) (70), GDO1 (AY278489) (69) and GZ50 (AY304495) (7).

HOWever there are few vaccmes in the pipeline against SARS-CoV-2. The mRNA based vaccine

fragment, inactivated whole virus or Iive-vectored ‘st

reduced the viral infection in various anlmal ) els (5 -

prepared by the US National Instltute of Allergy and Infectious Discases against SARS-CoV-2 is
under phase 1 trial (72) INO-4800-DNA based vaccine will be soon available for human testing
- (73). Chinese C'entre'fer Discase Control and Prevention (CDC) working on the developmeht of
an mactlvated v1rus vaccine (74, 75). Soon mRNA based vaccine’s sample (prepared by Stermirna
Ther. apeut1cs) wﬂl be available (76). GeoVax-BravoVax is w0rk1ng to develop a Modified Vaccina
Anlcara (MVA) based vaccme (77). While Clover Blophalmaceutlcals is developing a recombinant

2019-nCoV S protein subunit-trimer based vaccine (78).

Although ;esearch teams all over the world are working to investigate the key features,
pathogenesis and treatment options,' it is deemed necessary to focus on competitive therapeutic

options and cross-resistance of other vaccines. For instance, there is a possibility that vaccines for
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other dlseases such as rubella or measles can create cross-resistance for SARS- CoV-2 Th]S

statement of cross—resrstance is based on the observations that children in chrna were found less
vulnerable to infection as compared to the elder population, while children are being largely
vaccinated for measles in China. . ' o : ;

. Conc'lusion and perspective

I

The novel coronavirus orlgmated from the Hunan seafood market at Wuh‘ Chma where
bats snakes, raccoon dogs, palm civets, and other animals are sold, and raprdly Spread up to 109
countries. The zoonotlc source’ of SARS- CoV-2 is not conﬁrmed llOWever sequence—based
analysis suggested bats as the key reservoir. DNA recombination was found to be involved at spike
glycoprotein Wthh assorted SARS-CoV (CoVZXC2I or CoVZC45) Wrth the RBD of another
- Beta CoV, thus could be the reason for cross- specres transmlssmn and rapld infection. Accordlng
elrnrcaI treatments or preventron strategies have been developed against human coronaviruses.
However, the researchers are working to deVeIOp efﬁcrent therapeutic strategres to cope with the
novel coronaviruses. Various broad-spectrum antrvrrals prevrously used against influenza, SARS
and MERS coronaviruses have been evaluated either alone or in combinations to treat COVID-19
patients, mice models, and clinical 1solates.-‘Re‘mdeswrr, Lopinavir, thonav1r, and Oseltamivir
significantly blocked the COV]D_19 .:j_nfection in infected patients. It can be cocluded that the
" homologus recombination eveht a:t'..theS protein of RBD region enhanced the transmission ability
of the virus. WhrIe the decrsmn of brrng back the nationals from infected area by various countries

and poor screening of passengers become the leadrng cause of spreading virus in others countries.

Most 1rnportant1y, human coronaviruses targeting vaccmes and ant1v1ral drugs should be
desrgned that could be used against the current as well as future epidemics. There are many
compames workmg for the deve10p1nent of effective SARS CoV-2 vaceines, such as Moderna
Therapeutrcs Inovio Pharmaceuticals, Novavax, Vir Brotechno[ogy, Stermirna Therapeutics,
Johnson & J ohnson, VIDO-InterVac, GeoVax-BravoVax, Clover Biopharmaceuticals, CureVac,
and Codagenix. But there is a need for rapid human and animal-based trails as these vaccines stil} -
require 3 to 10 months for commercialization. Therel must be a complete ban on utit_izing wild
animals and birds as a source 'of food. Beside the development of most efficient drug, a strategy to

rapidly diagnose SARS-CoV-2 in suspected patient is also required. The signs and symptoms of
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SARS-CoV-2 induced COVID-19 are a bit similar to influenza and seasonal allergies (pollen

allergies). Person suffering from influenza or seasonal e.llergy may also exhibit teﬁiprature which
can be detected by thermo-scanners, hence the person will become suspected. Therefore, an
_accure.te and rapid diagnostic kit or meter for detection of SARS-CoV-2 in suspected patients is
required, as the PCR based testing i$ expensive and time consuming. Different teams of Chinese
doctors should 1mmed1ately sent to Eurpean and other countries, especially spam and Italy to
control the over spread of COVID-19, because Chinese doctors have efﬁc;lently controlled the
‘outbreak in china and limited the mortahty rate to less than 3% only. The therapeutlc strategxes

used by Chinese, should also be followed by other countrles
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rate)
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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 (8) 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 ACEZ 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 Coronavitidae constantly circu-
late in the human populatian and usually cause mild respiratory

diseaso (Corman et al., 2019). In cohtrast, the sovere acute res-
piratory syndrome coronavirus (SARS-CoV) and the Middle East
respiratory syndrome coronavirus (MERS-CoV) are fransmitted
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 hatural resarvoir 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 spegific 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, Includlng fravel restrictions and
patient isolation,

In December 2019, a new infectious respiratory disease
emerged in‘ Wuhan, Hubei provinee, China {Huang et al., 2020;
Wang et al., 2020; Zhu et al., 2020), An initial cluster of infections
was linked to Huanan seafood market, patentially due to animal
contact, Subsequently, human-to-human transmission occurred
{Chan et al., 2020) and the disease, now termed coranavirus dis-
ease 19 (COVID-19) rapidly spraad within China. A novel corona-
virus, SARS-coronavirus 2 (SARS-CaV-2), which Is elasely
related to SARS-CaV, was detected in patients and is believed

- to bethe etiologic agent of the new lung disease (Zhu et al.,

2020). On February 12, 2020, a total of 44,730 iaboratary-
confirmed infections were reported in Ching, including 8,204

Cell 787, 1-10, April 16, 2020 ® 2020 Elsevier Inc, 1
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Figure 1. SARS-2-5 and SARS-S Facilitate Entry into a Similar Panel of Mammalian Cell Lines
() Schematic lllustration of SARS-S including functional domains (RBD, receptor binding domalin; RBM, receptor binding motif; TD, fransmembrane domain) and
protealytic cleavage sites {$1/82, S2'), Amino acid sequences around the two protease recogmtlon sites {red) are indicated for SAHS-S and SARS-2-5 (asterisks

indicate conservad rasidues). Arrow heads Indicate the cleavage site,

(B} Analysis of SARS-2-8 expression (upper panel) and pseudotype Incnrporatlon (lower panel) by western blot using an antibody directed agains the C-terminal
hemagglutinin (HA) tag added 1o the viral § proteins analyzed. Shown are representatlve blots from three experiments. B-Actin {cell lysates) and VSV-M (parlicles)
served es loading controls (M, matrix protein). Black arrow heads indicate bends corresponding to uncleaved § proteins (S0) whereas gray amow heads indicate

bands comresponding to the S2 subunit,

(C) Cefl lines of human and animal origin were inoculated with pseudotyped VSV harboring VSV-G, SARS-8, or 5ARS-2-3, At 16 h postinocutation, pseudotype
entry was analyzed by determining luciferase activity in cell lysates, Signals obtained for parlicles bearing no envelope pratein were used for normalization. The'
", average of three indepencdent experiments |s shown. Error bars indlcate SEM. Unprocessed data from a single expetiment are présented in Figure S1.

severe cases and 1,114 deaths (WHO, 2020}, Infactions 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 biclegical properties, including pandemlc
potential (Munster et al., 2020).

The spike (S) protein of coronaviruses facilitates viral entry into
target cells. Eniry depends on binding of the surface unit, 81, of
the S protein to a cellular recaptor, 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 S$1/52 and the 82’ site and allows fusion of viral
and cellular membranes, a process driven by the 52 subunit (Fig-
ure 1A). SARS-S engages angictensin-converting enzyme 2
(ACER2) as the entry receptor (L et al,, 2603) and employs the
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cellular sefine 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. Howaver, it is unknown whether SARS-2-S like SARS-S em-

‘ploys ACE2 and TMPRSS2 for host cell entry.

RESULTS

Evidence for Efficient Proteolytic Processihg

of SARS-2-8

The goal of our study was to obtain insights into how SARS—Z S
facllitates viral entry into {arget cells and how this process can be
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blocked, For this, we first asked whether SARS-2-5Is robustly
expressed in a human cell line, 293T, commoniy used for exper-
imentation because of its high transfectability. Moreover, we
analyzed whether there is evidence for proteclytic processing
‘of the § protein because certain coronavirus S proteins are
cleaved by host cell proteases at the $1/52 cleavage site in in-
‘fected cells (Figure 1A). immunoblot analysis of 293T cells
expressing SARS-2-8 protein with a G-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 célls

and, more proml'nent]y, In vasicular stomatitis virus (VSV) parti-
cles bearing SARS-2-5. (Figure 1B). In contrast, an 82 signal
was largely absent in cells and particles expressmg SARS-S
{Figure 1B), as previously documented (Glowacka et al,, 2011;
Hofmann et al., 2004b). These results suggest sfficient proteo-
Iytic processing of SARS-2-8 in human cells, in keeping with
the presence of several arginine residues at the $1/52 cleavage
site of SARS-2-5 but not SARS-S (Figure 1A). In contrast, the S2'
. cleavage site of SARS-2-5 was similar to that,of SARS-S.

SARS-2-S and SARS-S Mediate Entry into a Similar
Spectrum of Cell Lines-
Replication—défective V8V 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 81 subunit remains to be demonstrated. We first asked
which cell lines were susceptible to SARS-2-S-driven eniry, us-
ing & 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 1GC; Figure S1), as expeacted. Most human cell lines and the
animal cell lines Vero and MDCKI] were also susceptible to entry
driven by SARS-S (Figure 1C). Moreover, SARS-2-8 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-2-8 mediated entry

into the same cell lines, we next determined whether SARS-2-8

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 ACE?2 for
host ¢ell entry (Figure 2A; Figure §2). 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 rmost amino acid residues essential for AGE2 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

and bat {Rhinclophus alcyone) ACEZ2 but not human DPP4, the

entry receptor used by MERS-CoV (Raj ot al., 2013}, or human
APN, the entry receptor used by HCoV-229E (Yeager et al.,
1992), allowed SARS-2-8- and SARS-~8-driven entry into other-
wise non-susceptible BHK-21 cells (Figure 3A). Moreover, anti-
serum raised against human ACEZ2 blocked SARS-S- and
SARS-2-S- but not VBV-G- or MERS-S-driven entry (Figure 3B).
Finally, "authentic SARS-CoV-2 infected BHK-21 cells trans-

fected to express AGE2 cefls but not parental BHK-21 cells

with high efficlency (Figure 3C), indicating that SARS-2-8, like
SARS-8, 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 sndosomal cysteine proteases
cathepsin-B and L (CatB/L) (Simmons et al., 2005) and the serine
proteass TMPRSS2 (Glowacka et al., 2011; Matsuyama st al.,
2010; Shulla et al., 2011) for S protein priming in cell lines, and
inhibition of both proteases is required for robust blockads of
viral entry (Kawase et al., 2012). However, only TMPRSS2 activ-
ity is essentiat for viral spread and pathogenasis in the infected
host whereas CatB/L activity is dispensable {Iwata-Yoshikawa
et al,, 2019; Shirate et al., 2016; Shirato et al., 2018; Zhou
et al., 2015),

In order to determine whether SARS-COV—Z can use CatB/L for
cell entry, we Initially employed ammonium chloride, which ele-
vates endosomal pH and thereby blocks CatB/L activity. 293T
cells (TMPRSS2™, transfected to express ACE2 for rabust S pro-
tein-driven entry) and Caco-2 cells (TMPRSS2") were used as
targets, Ammeonium chloride blocked VSV-G-dapendent entry
inte 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 tc 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 proteass inhib-
itor camostat mesylate, which is active agalnst TMPRSS2 (Ka-
wase et al., 2012), partially blocked SARS-2-S-driven entry into
‘Caco-2 {Figure S3 B) and Vero-TMPRSS2 celis (Figure 44). 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 mesytate did

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-2-8 ¢an 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 ACEZ Binding
{A}The S protein of SARS-CoV-2 clusters phylogenetically with S proteins of known bat-associated batacoranaviruses (see Figure 52 for more detalls).

{8) Alignment of the recepter binding motif of SARS-S with caresponding sequences of bat-assoclated betacoronavirus S proteins, which are able or unable to
use ACE2 as cellular receptot, 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 $3 C). Simi-
larly, camostat mesylgte treatment significantiy reduced Calu-3

-4 Cell 181, 1-10, April 16, 2020

infection with authentic SARS-CoV-2 {Figure 40). Finally, camo-
stat mesylate treatment inhibited SARS-S- and SARS-2-8- but
not V8V-G-driven entry into primary human lung cells {Figure 4E).
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Figure 3. SARS-2-8 Utilizes ACE2 as Cellular Receptor
{A) BHK-21 cells transiently expressing AGE2 of human ot bat origin, human

APN, or human DPP4 were Incculated with pseudotyped VSV harboring VSV- |

G, SARS-5, SARS-2-8, MERS-S, or 229E-5. At 16 h postinoculation, pseu-

Collectively, SARS-CoV-2 can use TMPRSS2 for 8 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 i
Convalescent SARS patients exhibit a neutralizing antibody
response directed against thé viral S protein {Liu et al., 2006}
We Investigated whether such antibodies block SARS-2-S-
driven entry. Four sera obtained frorh three convalescent
SARS patients Inhibited SARS-$- but not VSV-G-driven entry
in a concentration-dependent marner (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 responses raised against SARS-S during infec-
{ion or vaccination might offer some level of pratection 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 AGE2 and ¢an be
Blocked by a clinlcally proveninhibitor of the cellular serine prote-
ase TMPRSS2, which Is employed by SARS-GoV-2 for S pratein
priming. Moreover, it suggests that antibody responses ralsed
against SARS-CoV could at least partlally protect against SARS-
CoV-2 infection. These resulis have important implications for

~ our undarstanding of SARS-CoV-2 transmissibility and pathogen-

esis and reveal a target for therapeutic intervention.

The finding that SARS-2-5 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 extrapuimonary spread of SARS-CoV in AGE2* tis-
sues was observed (Ding et al., 2004; Gu et al., 2005; Hamming
gt al., 2004). The same can be expected for SARS-CoV-2,
although affinity of SARS-8 and SARS-2-S for ACE2 remains

dotype entry was analyzed (normalization agalinst parlicles without viraf en-.
velops protein).

(B) Untreated Vero cells as well as Vero cells pre-incubated with 2 or 20 pg/mL
of anti-ACEZ antlbody or unrelated control antibody {anti-DC-SIGN, 20 pg/mL)
were Inoculated with pseudotyped VSV harboring VSV-G, SARS-S, SARS-2-
§, or MERS-8. At 16 h postinoculation, pseudotype entry was analyzed
(normalization against untreated cella).

(C) BHK-~21 cells transfected with ACE2-encoding plasmid or cuntrol trans-
fected with DsRed-encoding plasmid wers Infected with SARS- Cov-2 and
‘washed, and genome equlvalents in culture supernatants were determined by
guantitative RT-PCR.

The averaga of three Independent experlmems conducted with triplicate
-samples Is shown in (A-G). Etror bars Indicate SEM, Statistical significance
was tested by two-way ANOVA with Dunnett posttest. Cells transfected with
emply vector served as reference in {A) whereas cells that were not treated
with antlbady 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 fract (Bertram et al,, 2012;
Hamming et al.,
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 asctibed to the 51 domain
of certain coronaviruses {Li et al., 2017; Park et al., 2019). Finally,
it should be noted that ACE2 expression protects from lung injury
and is downregulated by SARS-5 (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 ancompasses S protein
cleavage'at the S1/52 and the 52 sites. The §1/52 cleavage
site of SARS-2-S harbors several arginine residues (multibasic),
which indicates high cleavability. Indeed, SARS-2-S was effi-
clently cleaved in cells, and cleaved $ protsin was incorporated
into VSV particles. Notably, the cleavage site seguence 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 hurman 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-
mans et al., 2005). However, $ 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 et al., 2019;
Kawasse et al., 2012; Zhou et al., 2015). The praesent study indi-
cates that SARS-CoV-2 spread also depends on TMPRSS2 ac-
fivity, although we note that SARS-CoV-2 infection of Galu-3 cells
was inhibited but not abrogated by camostat mesylate, likély 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.,

2004) might limit SARS-GoV transmissibility. .

2018; Park et al., 2016). Collectively, our present findings and
previous work highlight TMPRSS2 as a host cell factor that Is crit-
i¢al for spread of several clinically relevarit viruses, including influ-
enza A viruses and corohaviruses (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., 2008) and thus constitutes an attractive
drug target. In this context, it is noteworthy that the setine prote-
ase Inhibitor camostat mesylate, which blocks TMPRSS2 activity

" (Kawase et al., 2012; Zhou et al., 201 5), has been approved in

Japan for hurri_an use, but for an unrelated indication. This com-
pound or related onés 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 protsin.
Moareover, experimental SARS vaccines, including recombinant -
S protein (He et al., 2006} and Inactivated virus (Uin 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.

STARXMETHODS

Detailed methods are provided in the onIine version of this paper
and Include the following:

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

Figure 4, ‘$AFIS-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 te transduction, E-64d
and camostat mesylate block the activity of CatB/L and TMPRSS2, respectively (add ltional data for 233T cells transiently expresslng 'ACE2 and Caco-2 celle are
shown in Figure $3).
(B) To analyze whether TMPRS52 can rescus SARS-2-S-driven entry into cells that have low CaiB/L activity, 283T cells translemly exprassing AGE2 alene or in
combinaticn with TMPRSS2 wers incubated with CatB/L Inhibitor E-64d or DMSO as control and inaculated with pseudotypes bearing the Indicated vlral surface -
proteins.
(C) Calu-3 cells wers pre-incubated with the indicated concentrations of camostat mesylate and subsequently inoculated W|th pseudcparlicles harboring the .
. indicated viral glycoproteins. :
{D) Calu-3 cells were pre-incubated with camostat masylate and infectad with SARS-CoV-2. Subseguently, the cells were washed and genome equivalents In
cultura 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 ¢ells were
incubated with camostat mesylate prior to transduction.
The averags of three indepsendent experiments condueted with triplicate af quadruplicate samplas Is shown in {A<E}. Error bars indlcate SEM. Statistical sig-
. nificance was tested by two-way ANOVA with Dunrett posttest. Cells that did not recelve inhibitor served as reference In {8), (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-2-5- Driven‘Entry

Pseudotypes harbaring the Indicated viral surface proteins were incubated with different dilutions of sera from three convalescent SARS patlents of sera from
rabbits immunized with the $1 subunit of SARS-S and subsequently inoculated onto Vero cells in orderto evaluate cross-neutralizaticn potential. The average of
three independent experiments performed with triplicate samples Is shown, Error bars indicate SEM. Statistical significance was tesled by two-way ANOVA with

Dunnett posttest,
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LEAD GONTACT AND MATERIALS AVAILABILITY

Reduests for material can be directed to Markus Hoffmann (mhoffmann@dpz.eu} and the lead contact, Stefan Péhimann
{spoehimann@dpz.eu). All materials and reagents will be made available upon Installment of a materlal transfer agreement (MTA).

EXPERIMANTAL MODEL AND SUBJECT DETAILS

Cel! cultures, primary cells, viral strains

All cell lines were incubated at 37°C and 5% CQy3'in a humidified atmasphers. 293T (human, kidney), BHK-21 (Syrian hamster, kidney
cells), Huh-7 (human, liver), LLG-PK1 {pig, kidney), MRC-5 {(Human, lung), MyDaulLu/47.1 {Daubenton's bat [Myotis daubentoni,
lung), NIH/3T3 (Mouse, embrya), RhiLu/1.1 (Halcyon horseshoe bat {Rhinolophus alcyone), lung) and Vero (African green monkey,
kidney) cefls were incubated in Dulbecco's’ modified Eagle medium (PAN-Biotech). Calu-3 (human, [ung), Caco-2 (human, colon),
-MDBK (cattla, kidney) and MDCKI! {Dog, kidney) cells were incubated in Minimum Essential Medium (ThermoFisher Scientific).
A549 (human, lung), BEAS-2B (human, bronchus) and NCI-H1298 (human, luny) 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 peniciliin and
0.1 mg/mL of streptomycin (PAN-Blotach), 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 samptes were obtained and experimental procedures were performed within the framework
of the nan-profit foundation HTCR, including the informed patient's consent.

For preparation of human airway epithalial cells, bronchus tissue was derlved from patienis undergolng pulmonary resection and
was provided by the Biobank of the Department of Gerieral, Visceral, and Transplant Surgery, Ludwig-Maximilians- University Mu-
nich. Primary hurnan airway epithelial cells were subsequently isolaied as described (Wu et al., 2016). In brief, tissue with a length of
approximately 10 mm and a diameter of 8mm wa's collected and incubated for 24 h at 4°C with DMEM (GIBCO) containing 1 mg/mL
protease type XiV and 10 pg/mL DNase i, 100 units/mL penicillin and 160 pg/mL streptomycin, 2.5 pg/mL amphotericin B, and
50 pg/mL gentamicin (GIBCQ). The epithelial cells were then harvested frorm the mucosal surface using the scalpel and were resus-
pended [n 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 mixiure of DMEM (GIBCOQ) and Airway Epithelial Cell basal medium {Promocell, Heidelherg, Garmany) supplemented with
52 pg/mL bovine pituitary extract, 15 ng/mL retinoic acid, 5pg/mL insulin, 0.5 pg/mL hydrocortisene, 0.5 pg/mL epinaphrine,
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 pM 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-CaoV-2, the SARS-CoV-2 Isolate Munich 929 was propagated in VeroE6 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 Indlana) glycoprotein (VSV- ), Nipah virus (NiV) fusion (F)
and attachment glycoprotein {G), SARS-5 {derived from the Frankfurt-1 Isolate} with or without a C-terminal HA epitope tag,
HCoV-229E-S, MERS-S, human dnd bat angiotensin converting enzyme 2 (AGE2), human aminopeptidase N (APN), human
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dipeptidyl-peptidase 4 (DPP4) and human TMPRSS2 have been desctibed elséwhere (Bertram et aI ; 2010; Brinkmann et al., 2017;
Gierer et al., 2013; Hoffmann et al., 2013; Hafmann et al., 2005; Kleine-Weher at al., 2019). For generation oithe expresston plasmids
for SARS-2-S with or without a G-terminal HA epitope tag we PCR-amplified the coding sequence of a synthetlc, codon-optimized
{for human cells) SARS-2-S DNA (GeneArt Géne Synthesls, ThermoFisher Scientific) based on the publicly avaflable prétein
sequence in the National Center for Biotechnology Information database (NCBI Reference Sequence; YP 009724390 1)and cloned -
in into the pCG1 expression vector via BamHI' and Xbal restriction sites.

Pseudotyping of VSV and transduction experiments
For pseudotyping, VSV pseudotypes were generated accordmg to a published protocol (Berger Rentsch and Zimmer 2011 In brlef
293T transfected to express the viral surface glycoprotein under study were inoculated with a replication- deﬂment 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, Mittelhausern/Switzerland), After an in-
cubation petiod of 1 h at 37°C, the Inoculum was removed and cells were washed with PBS before medium supplemented with anti-
VSV-6 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 postmocu!atton clarified from cellular
debns by centrifugation and used for experimentation. -~

" Fortransduction, target cells were grown [n 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 AGE2 on the cell surface, celis were pretreated with 2 or 20 pg/mL anti-ACEZ antibody (R&D
Systems, goat, AF933). As control, an unrelated anti-DC-SIGN antibody (Serotec, goat, 20 pg/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, pseudstypes were

pre-incubated for 30 min at 37°C with different serum dilutions, Transduction efficiency was quantified 16 h posttransduction by
measuring the activity of firefty luciferase in cell lysates using a commercial substrate (Beetle-Juice, PJK] and-a Hidex Sense plate
juminometer (Hidex).

Quantification of cell viability
Cell viability following treatment of Galu-3 cells with camostat mesylate was analyzed using the CeliTiter-Glo® Lumlnescent 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

- orpresence of different concentrations (1-500 pM} 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 wag added. Wells containing only cuiture 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 intc white opaque-walied 96-well plates and luminescent signal were recorded using a Hidex
Sense plate luminometer (Hidex).

Analysis of SARS-2-S expression and partlcle lncorporatlon

To analyze S protein expression in celis, 293T cells were transfected with expressmn vectors for HA-tagged SARS-2-5 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 rermoved 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 immunoblotting.

For analysis of 8 protein incorparation 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 immunobloiting, 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 termperature 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-HC! [pH 8.6}, 250 pg/mL fuminol,
1 mg/mL para-hydroxycoumaric acid, 0.3% H,0% and the ChemoGam imaging system along with the ChemoStar Professional soft-
ware (Intas Science Imaging Instruments GrmbH). The following primary antibodies were used: Mouse anti-HA tag (Sigma-Aldrich,
H3663, 1:2,500), mouse anti-B-actin {Sigma-Aldrich, AS441, 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, 115-035-0083, 1:10000).

+

Infection with authentic SARS-CoV-2

"BHK-21 cells (1.6 x10° celis/mL) were transfected with ACE2 and DsRed as a negative control. After 24'h, cells‘were washed with

FBS and infected with 8x107 genome equivalents (GE) per 24-well of SARS-CoV-2 isolate Munich 929 for 1 h at.37°C. Calu-3 cells
(5x105 cells/mL] were mock treated or treated with 100 piM camostat mesylate (Sigma Aldrich) 2 h prior to infection with SARS-CoV-2
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isolate Munlch 929 at a multiplicity of infection (MO of 0.001 for 1 h at 37°C. After!nfecnon cells were washed three times with PBS
before 500 p of DMEM medium was added. At 16 or 24 h post infection, 50 |.l.i 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 prewously reported protocol (Corman et al., 2020).

Sera '
The convalescent human anti-SARS-CoV sera {C35-2 to €55-5) stemmed from the serum collectlon of the national consiliary [ab-
oratory for coronavirus c_hagnostlcs at Gharité, Berlin, Germany or the Robert Koch Instjtute, Berlin, Germany, All sera were previousty
tested posltive using a recombinant S-based iImmunofluorescence 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 Fe portion of human immunoglobulin.

Phylogenetic analy5|s

Phylogenetic analysis (neighbor-joining tfee, bootstrap method with 5,000 iterations, F‘o:sson substitution model, uniform rates
among sites, complete deletion of gaps/mlsslng data) was performed using the MEGA7.0.26 software. Reference sequences
were obtained from the National Center for Bictechnology Information and GISAID {Global Initiative on Sharing All Influenza Data)
databases. Reference numbers are xndlcated in the figures.

QUANTIFICATION AND STATISTICAL ANALYSIS

One-way or two-way analysis of variance (ANOVA) with Dunnett pdsttest was used 1o test for statistical significance. Ohly 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 Softwars).

DATA AND CODE AVAILABILITY

The study did not generate unique datasets or code.
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Figure S1. Representative Experiment Included in the Average, Related to Figure 1C

The indicated ‘cefls lines were inoculated with pseudoparticles harbering the indicated viral glycoprotein or harbering no glycoprotein (no protein) and:
luciferase activities in cell lysates were determined at 16 h posttransduction. The experiment was performed with quadruplicate samples, the average + SD
is shown.
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® Experimental proof
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Figure S2. Extended Version of the Phylogenstic Tree, Related to Figure 2B
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Figure S3. Protease Requnrement for SARS-2-5-Driven Entry and Absence of Unwanted Cytotoxicity of Camostat Mesylate, Related to
Figure 4 -

(A and B) Importance of endosomal low pH {A) and activity of CatBiL ar TMPRSS2 (B) {or host cell entry of SARS-CaV-2 was evaluated by adding inhibitors to
target cells prior to transduction. Ammonium chlorids (A} blocks endosomat acidification while E-64d and camostat mesylate (B) block the activity of CatB/L and
TMPRSS2, respectively. Entry Into gells not treated with inhibitor was set as 100%,

{C) Absence of cytotaxic effects of camastat mesylate, Calu-3 cells were treated with camostat mesylate identically as for Infecllun experiments and cell Vlablllty
was measured using a commerclally avallable assay (CellTiler-Glo, Promega).
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