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ABSTRACT The spike protein (S) of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) directs infection of the lungs and other tissues following its binding to the
angiotensin-converting enzyme 2 (ACE2) receptor. For effective infection, the S protein
is cleaved at two sites: S1/S2 and S29. The “priming” of the surface S protein at S1/S2
(PRRAR685;) [the underlined basic amino acids refer to critical residues needed for the
furin recognition] by furin has been shown to be important for SARS-CoV-2 infectivity in
cells and small-animal models. In this study, for the first time we unambiguously identi-
fied by proteomics the fusion activation site S29 as KPSKR815; (the underlined basic
amino acids refer to critical residues needed for the furin recognition) and demonstrated
that this cleavage was strongly enhanced by ACE2 engagement with the S protein.
Novel pharmacological furin inhibitors (BOS inhibitors) effectively blocked endogenous S
protein processing at both sites in HeLa cells, and SARS-CoV-2 infection of lung-derived
Calu-3 cells was completely prevented by combined inhibitors of furin (BOS) and type II
transmembrane serine protease 2 (TMPRSS2) (camostat). Quantitative analyses of cell-to-
cell fusion and S protein processing revealed that ACE2 shedding by TMPRSS2 was
required for TMPRSS2-mediated enhancement of fusion in the absence of S1/S2 pri-
ming. We further demonstrated that the collectrin dimerization domain of ACE2 was
essential for the effect of TMPRSS2 on cell-to-cell fusion. Overall, our results indicate that
furin and TMPRSS2 act synergistically in viral entry and infectivity, supporting the combi-
nation of furin and TMPRSS2 inhibitors as potent antivirals against SARS-CoV-2.

IMPORTANCE SARS-CoV-2, the etiological agent of COVID-19, has so far resulted in .6.1
million deaths worldwide. The spike protein (S) of the virus directs infection of the lungs
and other tissues by binding the angiotensin-converting enzyme 2 (ACE2) receptor. For
effective infection, the S protein is cleaved at two sites: S1/S2 and S29. Cleavage at S1/S2
induces a conformational change favoring the S protein recognition by ACE2. The S29
cleavage is critical for triggering membrane fusion and virus entry into host cells. Our
study highlights the complex dynamics of interaction between the S protein, ACE2, and
the host proteases furin and TMPRSS2 during SARS-CoV-2 entry and suggests that the
combination of a nontoxic furin inhibitor with a TMPRSS2 inhibitor significantly reduces
viral entry in lung cells, as evidenced by an average synergistic ;95% reduction of viral
infection. This represents a powerful novel antiviral approach to reduce viral spread in
individuals infected by SARS-CoV-2 or future related coronaviruses.
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Severe acute respiratory syndrome coronavirus (SARS-CoV-1) and Middle East respi-
ratory syndrome coronavirus (MERS-CoV) are infectious pathogenic viruses that

appeared in humans at the beginning of the 21st century (1, 2). At the end of 2019, a
third CoV, namely, SARS-CoV-2, emerged, causing widespread respiratory and vascular
illnesses (3) coined COVID-19 (4).

Like envelope glycoproteins of many infectious viruses (5–7), the secretory type-I
membrane-bound spike (S) protein of SARS-CoV-2 is synthesized as a precursor (proS)
that undergoes posttranslational cleavages by host cell proteases at specific sites to
allow viral entry. During infection, the trimeric proS (monomer, 1,273 residues) is first
processed at an S1/S2 cleavage site (Fig. 1A). Unlike SARS-CoV-1, the S protein of SARS-
CoV-2 exhibits an insertion of four critical amino acids (PRRA) at the S1/S2 junction (8–
10), forming a canonical PRRAR685; furin-like cleavage site (FCS) (8). Such a “priming”
step divides the protein into two subunits, S1 and S2, held together by noncovalent
interactions. Various reports have since supported the implication of furin in the S1/S2
priming of the S protein in human cell culture models (10–12) and in vivo in mice, ham-
sters, and ferrets (12, 13). Following S protein priming, the S1 ectodomain undergoes a
conformational change that exposes its receptor-binding domain (RBD) (14), which rec-
ognizes the angiotensin-converting enzyme 2 (ACE2) entry receptor (9). The S2 subu-
nit, which is responsible for the fusogenic activity of the S glycoprotein, contains an
additional “fusion activation” proteolytic site (S29) followed by an a-helical fusion pep-
tide (FP) and two heptad repeat domains (HR1 and HR2) preceding the transmembrane
domain (TM) and cytosolic tail (CT) (Fig. 1A). It is thought that cleavage at S29 triggers
large-scale protein rearrangements, including a refolding step that is associated with
the separation of the S1 and S2 subunits and exposure of the hydrophobic a-helix FP,
thus favoring fusion of viral and host cell membranes and leading to virus entry (15).
Fusion with host cells can occur either at the cell surface (pH independent) or with in-
ternal membranes following endocytosis (pH dependent) (16). However, the cognate
host cell proteases responsible for the S1/S2 and S29 cleavages vary between coronavi-
ruses and cell types (9, 10, 17–20).

The proprotein convertases (PCs; genes PCSKs) constitute a family of nine secretory
serine proteases that regulate various processes in both health and disease states (21).
Through proteolysis, PCs are responsible for the activation and/or inactivation of many
secretory precursor proteins, including virus/pathogen surface glycoproteins (7, 21).
Seven PCs, including the widely expressed furin, PC5A, PACE4, and PC7, cleave secretory
substrates at specific single/paired basic amino acids within the motif (K/R)-Xn-(K/R);,
where Xn represents 0, 2, 4, or 6 spacer X residues (21). Because of their critical functions,
PCs, especially furin (22), are implicated in many viral infections by inducing specific clea-
vages of envelope glycoproteins, a condition that not only allows fusion of the viral lipid
envelope with host cell membranes (7, 21) but also can lead to cell-to-cell fusion (syncy-
tia), especially for viruses that undergo pH-independent fusion (23, 24).

Based on the predicted S29 site at the KPSKR815;SF sequence of SARS-CoV-2, we
proposed that furin-like enzymes could also cleave at this putative S29 site (Fig. 1A) (8).
In addition, it was also suggested that the cell surface type II transmembrane serine
protease 2 (TMPRSS2) can enhance fusion by facilitating cleavage at S29. The ability of
the Arg/Lys-specific TMPRSS2 (25, 26) to directly cleave at S29 was suggested based on
the viral entry blockade by the TMPRSS2 inhibitor camostat (27–29) and on the silenc-
ing of TMPRSS2 expression using a morpholino oligomer (19), but direct evidence of
TMPRSS2 involvement in such spike protein processing at S29 is still lacking. Thus, it is
likely that one or more proteases regulate SARS-CoV-2 entry into human airway epithe-
lial cells (19, 30). Furthermore, since the tissue expression of TMPRSS2 is restricted to a
limited set of cell types compared to that of the ubiquitously expressed furin, the activ-
ity of the latter may widen viral tropism (31).
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The major goals of the present study were to precisely define the respective roles
of furin and TMPRSS2 in fusion activation and to test the consequences of their inhibi-
tion on SARS-CoV-2 infectivity and S-mediated cell-to-cell fusion. In this study, using a
multidisciplinary approach, we obtained mechanistic evidence supporting a critical
role of the proprotein convertase furin in the processing of SARS-CoV-2 spike protein.
Specifically, we mapped the exact S29 processing site by proteomics and highlighted
by mutagenesis the functional importance of the S1/S2 and S29 regions in viral entry
and cell-to-cell fusion. For the first time, we demonstrate that three novel cell-permeable
nonpeptide small-molecule inhibitors of the proprotein convertases (BOS inhibitors) can
potently inhibit proS processing at both S1/S2 and S29 by endogenous furin-like pro-
teases and thus lead to efficient inhibition of viral entry, viral replication, and cell-to-cell

FIG 1 Processing of S peptides by furin and TMPRSS2. (A) Schematic representation of the primary structure of preproS, including its domains, the
predicted furin-like S1/S2 site generating the S1 and S2 subunits, and the S29 site preceding the fusion peptide (FP). The signal peptide (SP), N-terminal
domain (NTD), receptor binding domain (RBD) to ACE2, the two heptad repeats HR1 and HR2, the transmembrane domain (TM), the cytosolic tail (CT), and
the C-terminal V5 tag are indicated. (B) In vitro furin activity against peptides mimicking the S1/S2 (and its mutants) and S29 cleavage site sequences of the
spike protein from SARS-CoV-2 and SARS-CoV-1, as described in Table 1. Each substrate was tested at final protease concentrations of 2 and 100 nM. (C) In
vitro TMPRSS2 activity (at 50 nM) against peptides mimicking the indicated S1/S2 and S29 cleavage site sequences as described in Table 1.
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fusion. Finally, our work highlights the importance of ACE2 for enhancing S29 processing
by furin and TMPRSS2 and of TMPRSS2 shedding of ACE2 for increasing cell-to-cell
fusion.

RESULTS
Cleavage of SARS-CoV-2 peptides mimicking S1/S2 and S29 processing sites by

furin and TMPRSS2: a comparative analysis. Furin is thought to be important in the
processing of SARS-CoV-2 spike glycoprotein (S) at the S1/S2 site (8, 30), while TMPRSS2
has been proposed to have an important role in activating S at S29 (19, 27–29) (Fig. 1A).
Nevertheless, the relative contributions of furin and TMPRSS2 toward cleavage of SARS-
CoV-2 S glycoprotein at both sites remain poorly defined. Thus, the susceptibility of
SARS-CoV-2 S glycoprotein to furin cleavage was first assessed in vitro. Incubation of
quenched fluorogenic peptides encompassing S1/S2 and S29 sites (Table 1) demon-
strated that the S1/S2 site of SARS-CoV-2 S was efficiently cleaved by 2 nM furin at pH
7.5 (Fig. 1B), whereas the S1/S2 site of SARS-CoV-1, which lacks an FCS, was not cleaved
(Fig. 1B). In contrast, furin was less effective at cleaving at S29, requiring 50-fold-higher
enzyme concentrations (inset in Fig. 1B). The high specificity of the SARS-CoV-2 for
processing at furin-like motifs was next confirmed by demonstrating that substitu-
tions of basic residues at the S1/S2 cleavage site (RRAA685;S, ARAA685;S, and
ARAR685;S) dramatically impaired S1/S2 cleavage (Fig. 1B). Together, these data dem-
onstrate that in vitro furin cleaves best at S1/S2 and less efficiently at S29. In contrast,
TMPRSS2 did not efficiently cleave the SARS-CoV-2 S1/S2 and S29 peptides (Fig. 1C),
requiring a 50 nM concentration. However, in contrast to furin, TMPRSS2 cleavages of
Ala mutant peptides RRAA, ARAA, and ARAR mimicking the S1/S2 and S29 sites were
detectable under this condition (Fig. 1C). Taken together, these data emphasize the
critical importance of the P1 and P4 Arg for furin-mediated cleavage at S1/S2 and
suggest that the likely Arg motif recognized by TMPRSS2 is either (Ala/Arg)-Arg;Ala
or Ala-Arg;Ser, with a preference for Ala at P2 over Arg and for Ala or Ser at the resi-
due following the cleavage site (P19).

Furin and furin-like proteases can process proS at S1/S2 and S29 sites. To exam-
ine the ability of furin and furin-like enzymes to process the precursor proS of SARS-
CoV-2 in cellulo, we used HeLa cells, which endogenously express furin but not
TMPRSS2 or ACE2, as reported earlier (32). In this study, we found that an endogenous
enzyme(s) efficiently processed a V5-tagged proS (Fig. 1A), likely at the S1/S2 junction,
to generate an ;100-kDa S2-like fragment (Fig. 2A). Of note, a knockdown of endoge-
nous furin decreased S2 levels by more than 60% (Fig. 3A). Furthermore, overexpressed
furin or PC5A, but not PC7 or PACE4 (all expressed at similar mRNA levels; see quantita-
tive reverse transcription-PCR [qPCR] data), cleaved proS at a potential S29 site, yielding
an ;75-kDa fragment (Fig. 2A). The remaining ;200-kDa proSim corresponded to an
immature precursor form that had not exited the endoplasmic reticulum (ER), as
attested by its sensitivity to both endoglycosidase F (endo-F) and endoglycosidase H
(endo-H) (Fig. 3B) and insensitivity to furin-like convertases, which are only active in
the trans-Golgi network (TGN) and/or cell surface/endosomes (21, 33).

To precisely define the ;100-kDa fragment, we mutated the S1/S2 site RRAR685;S
and found that the double Ala mutant [ARAA685] (designated mS1/S2) abrogated proc-
essing at S1/S2 and putative S29 (Fig. 2B), highlighting once again the importance of

TABLE 1 Sequences of peptides mimicking the SARS-CoV spike cleavage sitesa

Peptide S1/S2 site S29 site
SARS-CoV-1 (WT) YHTVSLLR ; STSQ671

SARS-CoV-2 (WT) TNSPRRAR ; SVAS689 SKPSKR;SFIE819
SARS-CoV-2 S1/S2 RRAA TNSPRRAASVAS689
SARS-CoV-2 S1/S2 ARAA TNSPARAASVAS689
SARS-CoV-2 S1/S2 ARAR TNSPARARSVAS689
SARS-CoV-2 S29 RRKR SKRRKRSFIE819
aThe arrow indicates the expected cleavage site.
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the positions of P4 and P1 Arg for recognition by furin-like enzymes (21). Expression of
mS1/S2 demonstrated the loss of furin-like cleavage at S1/S2 in the spike protein and
the accumulation of a higher-molecular-weight band (;230 kDa), representing mature
proSm (Fig. 2B) that exited the ER, as confirmed by its resistance to endoglycosidase H
and sensitivity to endoglycosidase F digestion (Fig. 3B).

To further define the Arg residues critical for processing at S1/S2, we assessed the
effect of single-residue mutations R682A, R685A, and S686A and confirmed the neces-
sity of P1 Arg685 or P4 Arg682 for the generation of S2 by endogenous furin (Fig. 3C).
However, unlike mS1/S2 (Fig. 2B), these single mutants were partially cleaved by over-
expressed furin (Fig. 3C), reflecting the multibasic nature of the S1/S2 recognition
sequence and possibly revealing the importance of the P3 Arg683 (34). The S686A mu-
tant was generated on the prediction that Ser686 could be O-glycosylated (35), which

FIG 2 Processing of spike glycoprotein in HeLa cells and critical role of ACE2. (A) Western blot analyses of the processing of WT proS into V5-tagged S2
and S29 by the proprotein convertases furin, PC5A, PACE4, and PC7 following cotransfection of their cDNAs in HeLa cells. The migration positions of
immature proSim, S2, and S29 as well as the actin loading control are emphasized. V, empty pIRES-EGFP-V5 vector. The estimated percent cleavages into S1/
S2 and S29 are shown and were calculated as the ratio of the V5 immunoreactivity of the cleaved form to the sum of all forms. As estimated by qPCR, the
percent mRNA levels of overexpressed PCs relative to furin are also shown. The data are representative of those from at least three independent
experiments. (B) Western blot analyses of HeLa cells following cotransfection with cDNAs coding for either WT S protein (WT) or its double Ala mutant
(R685A 1 R682A) (mS1/S2) in the absence or presence of furin cDNA at a ratio of S to protease of 1:2. *, inconsistently observed oligomeric forms of proS.
(C) Western blot analyses of HeLa cells cotransfected with V5-tagged spike protein, WT S or its furin-optimized S29 (KRRKR815;SF) mutant (mS29), and empty
vector (V) or furin. (D) Identification of S29 cleavage site by tandem mass spectrometry (MS/MS). WT spike glycoprotein was immunoprecipitated from HeLa
cells using V5-agarose beads, then resolved by SDS-PAGE, and subjected to silver staining (left side); the positions of the slices are indicated (1 to 10). The
MS/MS analysis of peptides generated by a Lys-specific protease (K814;) is indicated; the data represent the ratio of SFIEDLLFNK825 to R815SFIEDLLFNK825
(right side). (E and F) Western blot showing the impact of ACE2 on the processing of WT and mS1/S2 spike glycoproteins by furin. HeLa cells expressing
empty vector, WT proS, or its mS1/S2 mutant with or without furin, ACE2, or both were analyzed by Western blotting using anti-V5 antibody. The ratio of
cDNAs used was 1:1:1 for S, ACE2, and furin. The data are representative of those from at least three independent experiments.
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may hamper processing at S1/S2 (36). However, like the wild-type (WT) S, the S686A
mutant was efficiently processed by furin into S2 and S29 (Fig. 3C).

We next attempted to use site-directed mutagenesis to identify the exact S29 site cleaved
by furin. However, K814A, R815A, and K814R815A mutations at P1 or/and P2 residues of the
predicted S29 site (KPSKR815;SF) dramatically altered S protein trafficking and resulted in a
predominantly ER-retained proSim protein, especially for the R815A mutant and the double
mutant, which were resistant to furin cleavage (Fig. 3D). It is important to note that the
recently reported loss of processing at S29 of a similar R815A S protein led to the erroneous
suggestion that prior cleavage at S1/S2 is not needed for S29 processing (37), as these
authors did not analyze the ER retention, and hence resistance to furin cleavage, of such a
proS R815A mutant. To precisely identify the S29 site, we resorted to mass spectrometry
analysis of proteins migrating at the S29 position. The peptides generated by a Lys-specific
protease (K814;) allowed for discrimination between SFIEDLLFNK825, which would be pro-
duced if furin cleaved at Arg815, and R815SFIEDLLFNK825, which would be derived from N-ter-
minally extended proteins, e.g., S2. Proteomic data (Fig. 2C) revealed a.50-fold-higher ratio
of SFIEDLLFNK825 to RSFIEDLLFNK825 for the S29 product, demonstrating that the N terminus
of S29 starts at Ser816 and that furin cleaves after Arg815; in the sequence KPSKR815;
SFIEDLLFNK (Fig. 1A). To further demonstrate the role of furin in S29 cleavage, we generated
a furin-optimized S29 site (called mS29) with a polybasic sequence, KRRKR815;SF, in proS and
found that this variant was very efficiently cleaved by endogenous and especially by

FIG 3 Importance of furin in the processing of the spike glycoprotein. (A) HeLa cells were first
transfected with control nontargeting siRNA (siCTL) or siRNA furin (siFur) at a final concentration of
20 nM, or mock transfected (N), and 24 h later, transfected with empty vector or with that coding for
a V5-tagged spike glycoprotein for an additional 48 h. Following lysis, proteins were resolved by SDS-
PAGE followed by WB with anti-V5 or anti-furin antibodies. (B) HeLa cells transfected with empty
vector, V5-tagged WT spike protein, or its S1/S2 site mutant (mS1/S2) were treated with
endoglycosidase F (endo-F) and endoglycosidase H (endo-H) or mock treated (NT) and analyzed as
described for panel A. (C and D) HeLa cells transfected with V5-tagged wild-type spike protein or S1/
S2 single mutants (C) or S29 single or double mutants (D) in the absence (V) or presence of
overexpressed furin were lysed and analyzed by WB.
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overexpressed furin, yielding a similar ;75-kDa fragment (Fig. 2D). Together, these data
demonstrate that indeed the S29 cleavage occurs at Arg815; and further reveal that this site
can be partially processed by overexpressed furin and/or PC5A.

Processing at S29 by furin is enhanced in the presence of ACE2. Given that bind-
ing of SARS-CoV-2 S trimer to the dimeric ACE2 receptor has been proposed to trigger
a conformational change in S1 and thus promote cleavage at S29 (14, 38), we next
examined whether this phenomenon would effectively increase/promote S29 process-
ing by furin. To this end, we expressed the V5-tagged proS spike protein together with
human ACE2 and furin in HeLa cells. While still allowing for maximal S1/S2 cleavage,
based on the absence of the mature proSm form (Fig. 2B), ACE2 expression seemed to
stabilize the S2 subunit and to strongly enhance the generation of S29 by endogenous
and overexpressed furin (Fig. 2E). Amazingly, in the presence of ACE2 and overex-
pressed furin,mS1/S2-S, which was otherwise resistant to cleavage at S1/S2 by endoge-
nous or overexpressed furin (Fig. 2B), could now be partially cleaved directly into S29
(Fig. 2F, last lane). We conclude that binding of S protein to ACE2 likely facilitates expo-
sure of the S29 site (39), thereby enhancing furin processing at S29.

Furin inhibitors block S1/S2 and S29 cleavages. Given the importance of furin in
proS processing at the S1/S2 and S29 sites, we next evaluated the activity of three novel
nontoxic, cell-permeative furin-like inhibitors developed by Boston Pharmaceuticals and
available as oral (BOS-981 and BOS-318) or inhalable (BOS-857) formulations (Fig. 4A).
Accordingly, we first tested in vitro the efficacy and selectivity of these inhibitors on
purified soluble forms of furin, PC5A, PACE4, and PC7 using a quenched fluorogenic
substrate, 6-carboxyfluorescein (FAM)–QRVRRAVGIDK–6-carboxytetramethylrhodamine
(TAMRA). As shown in Fig. 4B, the inhibitors effectively blocked substrate processing by
all convertases, with an half-maximal inhibitory concentration (IC50) of ;7 to 9 nM, com-
pared to;9 to 10 nM for the known cell-permeative PC inhibitor decanoyl-RVKR-chloro-
methylketone (dec-RVKR-cmk) (40, 41). The furin S1/S2 cleavage was also validated using
a 12-residue quenched fluorogenic substrate, DABSYL/Glu-TNSPRRAR;SVAS-EDANS,
mimicking the S1/S2 priming site of SARS-CoV-2. The inhibition deduced after Hill plot
curve fitting (Fig. 4C) gave estimated IC50s of 4 6 0.7 nM for BOS-981, 32 6 4 nM for
BOS-857, and 35 6 5 nM for BOS-318. As well, BOS inhibitors inhibited endogenous
furin-like processing of a dibasic bone morphogenic protein 10 (BMP10) mimic (41) with
an IC50 of ;8 nM, versus 5 nM for the dec-RVKR-cmk, as determined by a cell-based
Golgi imaging assay with U2OS cells (Fig. 4D). Finally, we showed that BOS inhibitors effi-
ciently blocked S1/S2 and S29 processing by endogenous furin-like enzymes in HeLa-
ACE2 cells, resulting in a near complete inhibition at 0.3 mM. This inhibitory profile was
also observed with 50mM dec-RVKR-cmk (RVKR; Fig. 4E). Overall, our data clearly demon-
strate that pharmacological inhibition of furin abrogates the processing of proS at the
S1/S2 and S29 sites in the HeLa cell model.

Furin-like inhibitors reduce virus production in SARS-CoV-2-infected cells. We
next examined whether blocking of the processing of proS by BOS inhibitors modu-
lates SARS-CoV-2 infection. Indeed, in lung-derived Calu-3 cells pretreated with 1 mM
BOS inhibitors for 24 h before infection, we observed significantly decreased viral titers
at 12, 24, and 48 h postinfection (Fig. 5A). Importantly, the inhibitory effect was dose
dependent, reducing viral burden more than 30-fold with 1 mM BOS-318 (Fig. 5B, left).
As well, the IC50 and selectivity index (42) of BOS-318 were 0.2 mM and 475, respec-
tively (Fig. 5B, right). Notably, the levels of spike (full length and cleaved S) and nucleo-
capsid (N) proteins in the supernatant and cells were decreased in a dose-dependent
manner (Fig. 5C), underscoring the important contribution of furin-like convertases in
SARS-CoV-2 infection in Calu-3 cells. A similar analysis with BOS-857 and BOS-981
revealed comparable antiviral effects and selectivity indices (Fig. 6). In addition, BOS
inhibitors were also evaluated in Vero E6 cells, in which SARS-CoV-2 entry and infection
are established primarily via the endocytic pathway (9, 30). In this system and as
expected, treatment with BOS inhibitors led to a modest effect, since we observed that
virus production decreased only ;2.6- to 5.7-fold (Fig. 7), possibly reflecting a role of
furin-like activity in early endosomes (33) for pH-dependent virus entry in Vero cells.
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Since TMPRSS2 has been proposed to be important for viral entry at the plasma
membrane, we next assessed whether combining BOS inhibitors and the TMPRSS2-in-
hibitor camostat would lead to a more pronounced antiviral effect in Calu-3 cells. As
shown in Fig. 5D, although these compounds could reduce viral replication individu-
ally, their cotreatment resulted in a synergistic reduction of progeny infectious viruses
of more than 70-fold, reinforcing the importance of both furin-like proteases and
TMPRSS2 in promoting efficient SARS-CoV-2 infection of Calu-3 cells.

Furin-like inhibitors reduce viral entry by blocking processing of proS during
biosynthesis and at the viral entry site. The more dramatic impact observed with
furin-like inhibitors on virus infection of Calu-3 cells versus Vero cells suggests that
these inhibitors affect mainly the pH-independent entry mechanism. Thus, we next
assessed the effect of BOS inhibitors on viral entry. Using nanoluciferase-expressing

FIG 4 Inhibition of PCs by BOS compounds. (A) Chemical motif of BOS inhibitors and representative structure of BOS-318. (B) In vitro BOS inhibition of the
cleavage of the fluorogenic dibasic substrate FAM-QRVRRAVGIDK-TAMRA by each of the proprotein convertases furin, PC5 (PCSK5), PACE4 (PCSK6), and PC7
(PCSK7). All experiments were performed in 10 different wells, and the average pIC50 (nanomolar) was calculated. Shown for comparison is the inhibitory
pIC50 negative log of the IC50 value when converted to molar) of the furin-like inhibitor RVKR-cmk; determination was performed .100 times. (C) In vitro
inhibition of furin by the BOS compounds. Furin (2 nM) was incubated with increasing concentration of BOS inhibitors, and its enzymatic activity against
the synthetic peptides DABSYL/Glu-TNSPRRAR;SVAS-EDANS (5 mM) was measured at pH 7.5 (n = 3). (D) Golgi assay; the table presents the effects of BOS
inhibitors on U2OS cells expressing each of furin, PC5A, PACE4, and PC7 simultaneously transduced with a BacMam-delivered construct containing a Golgi-
targeting sequence followed by a 12-amino-acid furin/PCSK cleavage site from bone morphogenic protein 10 (BMP10) and GFP at the C terminus (GalNAc-
T2-GGGGS-DSTARIRR;NAKG-GGGGS-GFP). Dibasic cleavage releases NAKG-GGGGS-GFP, thereby reducing the Golgi-associated fluorescence estimated by
imaging. (E) Furin inhibitors (BOS) abrogate endogenous processing of the spike glycoprotein. HeLa-ACE2 cells were transiently transfected with a cDNA
encoding an empty vector or with one expressing the V5-tagged spike glycoprotein (spike-V5). At 5 h pretransfection, cells were treated with the vehicle
DMSO (NT, duplicate), with the furin inhibitors at the indicated concentrations, or with RVKR-cmk at 50 mM. At 24 h posttransfection, media were replaced
with fresh ones lacking (NT) or containing the inhibitors for an additional 24 h. Cell extracts were analyzed by Western blotting using MAb V5. All data are
representative of those from at least three independent experiments.
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HIV particles pseudotyped with WT, mS1/S2, or mS29 S protein, we observed that the vi-
ral entry of mS1/S2-S pseudovirions was ;10-fold reduced in Calu-3 cells (Fig. 8A). In
contrast, all three pseudotyped viruses were at least 10-fold more infectious in
HEK293T-ACE2 cells, suggesting that S priming at S1/S2 is required for optimal viral
entry in Calu-3 cells but dispensable or perhaps even less desirable in HEK293T-ACE2
cells (Fig. 8A). Since these findings were similar to those in Vero E6 cells (43), we sur-
mise that viral entry in HEK293T-ACE2 cells was through the same pH-dependent,
endocytic route as reported for Vero cells (44, 45). This agrees with the fact that
HEK293 cells allow endocytosis of SARS-CoV-2 pseudovirions via clathrin-coated
vesicles (46). In the case of mS29 S-expressing viral particles, entry was more efficient in
both cell types (Fig. 8A, compare the same-colored dots between WT S and mS29 S in
the absence of BOS inhibitors), implying that S cleavage at the S29-optimized furin-like
site could enhance viral entry. When BOS-318 was present during biosynthesis of pseu-
dovirions, processing of WT S and mS29 S was blocked (Fig. 8B), leading to reductions

FIG 5 Furin-like inhibitors and camostat treatment decrease SARS-CoV-2 infection in Calu-3 cells. (A) Replication kinetics was studied at 12, 24, and 48 h
postinfection by plaque assay to determine PFU of SARS-CoV-2 in the supernatant of infected Calu-3 cells treated or not with 1 mM BOS-318, BOS-857, and
BOS-981. A line graph presents results of the triplicate plaque assay results (mean 6 SD). (B) Virus titers in the supernatant (24 h postinfection) of infected
Calu-3 cells treated with the indicated concentrations of BOS-318 were determined by plaque assay (mean 6 SD of triplicates) (left). The selectivity index
(SI) of BOS-318 in Calu-3 cells as shown in top right panel was determined by 50% cytotoxic concentration (CC50)/half-maximal inhibitory concentration
(IC50). The left y axis indicates the inhibition of virus titer relative to that of the untreated control group (red). The right y axis indicates cell viability relative
to that of the untreated control group (green). The CC50, IC50, and SI values for each inhibitor are as shown. Representative analyzed plaque images of
infected Calu-3 cells treated with indicated doses of BOS inhibitors are shown at the bottom right. (C) Immunoblots for the infected Calu-3 cells (right) and
viral particles secreted in the supernatant (left) with and without treatment with BOS inhibitors indicate reduced viral protein levels. Immunoblots were
probed for the full-length (proSm) and cleaved (S2) fragments of viral S protein and nucleocapsid (N) protein as indicated; b-actin was included as the
loading control for the cells. (D) Virus titers in the supernatant (24 h postinfection) of infected Calu-3 cells treated with BOS-318 and/or camostat (Camo)
were determined by plaque assay (mean 6 SD of duplicates) (top). Representative analyzed plaque wells of infected Calu-3 cells are shown. Imaged plaque
plates were processed, and plaques were counted using algorithm-based Matlab software as described in Materials and Methods.
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in viral entry in Calu-3 cells of ;3.6- and ;12.5-fold, respectively (Fig. 8A). Thus,
BOS-318 treatment phenocopied the effect of mS1/S2 in both cell types. In addition,
BOS-318 treatment enhanced viral entry in HEK293T-ACE2 cells ;10-fold for WT S and
;2-fold for mS29 S (Fig. 8A), suggesting that viral entry by the pH-dependent pathway
does not require furin processing.

Having observed the negative effect of BOS-318 on S processing by particle-pro-
ducing cells, we asked whether pretreating target cells with BOS-318 would also
affect entry of SARS-CoV-2 pseudoparticles. In Calu-3 cells, in which viral entry
occurs primarily through fusion at the plasma membrane (44), we observed reduced
viral entry by ;3.8-fold for WT S and ;14-fold for mS29 S (Fig. 8C). This emphasizes a
significant contribution of furin to the processing and priming of S at the plasma
membrane of Calu-3 cells after ACE2 recognition. The fact that BOS-318 had a more
pronounced effect on entry by mS29 S-containing viral particles was not surprising
given the very efficient S29 processing of this mutant by furin (Fig. 2D). Of note,
100 mM camostat reduced viral entry of WT-S-carrying pseudoparticles ;8.6-fold,

FIG 6 Furin-like inhibitors strongly reduce SARS-CoV-2 infection in Calu-3 cells. Calu-3 cells were treated with indicated
concentrations of BOS-857 (A) and BOS-981 (B) and infected with SARS-CoV-2 for 24 h. Virus titers in the supernatant were
determined by plaque assay on Vero E6 cells (mean 6 SD of triplicates). The selectivity indices of BOS-857 and BOS-981 in Calu-3
cells as shown at the top right were determined by CC50/IC50. The left y axis indicates the inhibition of virus titer relative to that
of the untreated control group (red). The right y axis indicates the cell viability relative to that of the untreated control group
(green). Representative analyzed plaque wells of infected Calu-3 cells are shown. Imaged plaque plates were processed, and
plaques were counted using algorithm-based Matlab software as described in Materials and Methods.
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compared to ;3.2-fold for those carrying mS29 S (Fig. 8C). This suggests that furin
plays a more prominent role in the entry of mS29 S versus WT S viral particles. Lastly,
the combined pretreatment with both BOS-318 and camostat led to a complete
block of viral entry, highlighting the synergistic roles of furin and TMPRSS2 in medi-
ating viral fusion at the plasma membrane.

Furin-like inhibitors decrease cell-to-cell fusion and syncytium formation. To
assess whether BOS inhibitors also affect cell-to-cell fusion, we developed a coculture assay
in which donor HeLa cells express HIV Tat and the fusogenic S protein, while acceptor HeLa
TZM-bl cells express ACE2 and Tat-driven luciferase (47) (Fig. 9A). ACE2 expression in TZM-
bl (Fig. 9B, panel a [control]) allowed fusion with HeLa-expressing S protein (Fig. 9B, panels
b and c), but no fusion was observed with mS1/S2 S (Fig. 9B, panel d). Using this assay, we
found that while donor cells expressing WT S led to syncytium formation (Fig. 9B, panels b
and c) and a.10-fold increase in cell-to-cell fusion compared to that in control (empty vec-
tor [V], no S) cells (Fig. 9C), donor cells expressingmS1/S2 S did not promote any cell-to-cell
fusion even in the presence of ACE2 (Fig. 9B panel d, and Fig. 9C and D). Consistent with
the latter finding, we observed an almost complete loss of cell fusion when donor cells
were treated with BOS inhibitors or the PC inhibitor decanoyl-RVKR-cmk (RVKR; Fig. 9C) (41),
emphasizing the critical role of furin cleavage in promoting ACE2-dependent cell-to-cell
fusion in the context of acceptor cells lacking endogenous TMPRSS2, such as HeLa cells.
This fusion assay also enabled the assessment of the effects of some worldwide-spreading S
protein variants of SARS-CoV-2, which affect viral traits such as transmissibility, pathogenic-
ity, host range, and antigenicity of the virus (48, 49). Among these, we selected mutants
that modify the Pro at the P5 position of the S1/S2 site (Fig. 1A), i.e., the P681H and P681R

FIG 7 Furin-like inhibitors modestly reduce virus production in SARS-CoV-2-infected Vero E6 cells in a concentration-dependent
manner. (A) Vero E6 cells treated or not with 1 mM BOS-318, BOS-857, or BOS-981 were infected with SARS-CoV-2 for up to 45 h.
Virus titers in the supernatant obtained at 12, 24, and 48 h postinfection were determined by plaque assay on Vero E6 cells. A line
graph presents results of the triplicate plaque assay (mean 6 SD). (B to D) Virus released in the supernatant (48 h postinfection) of
infected Vero E6 cells treated with indicated concentrations of BOS-318 (B), BOS-857 (C), or BOS-981 (D) were determined by plaque
assay (mean 6 SD of triplicates).
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associated with the a and d variants, respectively (7). Our data showed that while themS29
mutant did not affect cell-to-cell fusion, the P681H and P681R mutants significantly
enhanced it (;2-fold) (Fig. 9D), in line with the higher transmissibility of the associated a

and d SARS-CoV-2 variants (48, 49) and increased cell-to-cell fusion (50).
TMPRSS2 promotes cell-to-cell fusion in the absence of furin-mediated cleavage

at S1/S2. In vitro, TMPRSS2 did not efficiently cleave the SARS-CoV-2 S1/S2 and S29
peptides (Fig. 1C), but in contrast to the case with furin, TMPRSS2 cleavage of Ala mu-
tant peptides RRAA, ARAA, and ARAR mimicking the S1/S2 site was detectable under
this condition (Fig. 1C). To assess whether TMPRSS2 promoted cell-to-cell fusion by
enhancing S29 cleavage in the complete absence of S1/S2 priming, we generated a
new S derivative lacking all Arg at S1/S2, namely, mAS1/S2 (AAAA685) S. Hence, this mu-
tant is different from mS1/S2 (Fig. 2B; ARAA mutant) since it would not be cleaved by
TMPRSS2 or furin. Cell-to cell fusion was assessed following incubation of cells express-
ing WT S or mAS1/S2 S with acceptor cells expressing ACE2 or ACE2 plus TMPRSS2. In
this context, TMPRSS2 reduced fusion of WT S ;2.6-fold and enhanced that of mAS1/
S2 S ;3.1-fold (Fig. 10A). Camostat completely restored TMPRSS2-reduced fusion with
WT S and largely attenuated the TMPRSS2-enhanced fusion with mAS1/S2 (Fig. 10A).
The results with mAS1/S2 revealed that in the presence of ACE2, TMPRSS2 could
enhance fusion in the absence of S1/S2 priming. We next assessed whether this effect
could be related to the differential processing of the S protein and/or to ACE2 receptor

FIG 8 Processing of SARS-CoV-2 S by furin-like convertases and TMPRSS2 is critical for viral entry in human lung epithelial cells but not in model
HEK293 cells stably expressing ACE2. (A) Furin cleavage of proS at the S1/S2 site is required for SARS-CoV-2 pseudoviral entry in Calu-3 cells (left) but
not HEK293T-ACE2 cells (right). Cells were inoculated with nanoluciferase-expressing HIV particles pseudotyped with SARS-CoV-2: wild-type spike,
double Ala mutant spike (mS1/S2), or furin-optimized spike (mS29). Inhibition of proS processing at S1/S2 by a novel furin-like inhibitor (BOS-318) during
pseudovirion packaging prevents viral entry in Calu-3 cells but not in HEK293T-ACE2 cells. (B) Western blot analyses show inhibition by BOS-318 of proS
processing at the S1/S2 site. Purified pseudovirions and cellular extracts of producing HEK293T17 cells treated or not with BOS-318 inhibitor were
separated on an SDS-PAGE gel and analyzed for HIV-1 p24 and V5-tagged S protein (proSm or cleaved, S2) as indicated. (C) Pretreatment of Calu-3 cells
with 1 mM BOS-318 (B), 100 mM Camostat (C), or both (B and C) markedly reduces viral entry. In panels A and C, Calu-3 cells were transduced with
nanoluciferase-expressing HIV particles pseudotyped with SARS-CoV-2 WT, mS1/S2, or mS29 S for 72 h and analyzed for nanoluciferase expression. Viral
entry was expressed as fold increase over that given by bald particles (pseudovirions made in the absence of S). Each dot represents a different
experiment with median luciferase activity calculated from three biological replicates. Two to four experiments were performed for each cell type. Error
bars indicate SD.
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shedding by TMPRSS2 (51). Western blot (WB) analyses of cell lysates showed that
treatment of acceptor cells expressing ACE2 and TMPRSS2 with 120 mM camostat elim-
inated the enhanced TMPRSS2-induced production of S29 observed with WT S (Fig. 10B)
but not with mAS1/S2 (Fig. 10C), suggesting that the latter S29 is likely generated by en-
dogenous furin. These data emphasize that TMPRSSS2 cannot process the spike glyco-
protein into S29 in the absence of prior S1/S2 cleavage, even in the presence of ACE2.
Notably, the release of S1 derived from WT S in the cell culture media was not affected
by the presence of TMPRSS2 (Fig. 10B), suggesting that the secreted S1 primarily results
from furin cleavage of WT S at S1/S2. Finally, we observed that TMPRSS2-induced secre-
tion of a longer (;175-kDa) fragment from mAS1/S2, referred to here as S1L, which was
not detected in the presence of camostat (Fig. 10C). The molecular weight of S1L

FIG 9 Spike-induced cell-to-cell fusion relies on Furin cleavage at S1/S2. (A) Cell-to-cell fusion between donor cells (HeLa) expressing the fusogenic SARS-
CoV-2 spike protein (S) along with the HIV transactivator Tat and acceptor cells (TZM-bl) that express ACE2. Upon fusion, Tat is transferred from donor to
acceptor cells, thereby inducing luciferase expression. (B) HeLa cells transfected with an empty vector (a) or expressing SARS-CoV-2 spike (b, seen at higher
magnification in panel c), or mS1/S2 (d) were cocultured with TZM-bl cells for 18 h and the number of syncytia (white arrowheads) was examined using
CellMask to probe for the plasma membrane and DAPI to stain the nuclei. Cell-to-cell fusion (white arrowheads) was evaluated using confocal microscopy.
Scale bars = 60 mm for panels a, b, and d and 30 mm for panel c. (C) Donor cells were transfected with vectors expressing either no protein (empty
vector), mS1/S2, or WT spike in the absence (NT) or presence (DMSO) of a vehicle or with the furin inhibitors BOS-318, BOS-981, BOS-857 (300 nM), and
RVKR (10 mM). Acceptor cells were transfected with a vector expressing ACE2. After 48 h, donor and acceptor cells were cocultured for 18 h. Relative
luminescence units (RLU) were normalized to the V value arbitrarily set to 1. Data are presented as mean values 6 SD (n = 3); one-way analysis of variance
(ANOVA) and Dunn-Sidàk multiple-comparison test were used. (D) Donor HeLa cells expressing WT S or the indicated S mutants and variants were
cocultured with acceptor TZM-bl cells expressing ACE2. The extent of fusion is represented as a ratio between the RLU measured for each condition and
that of donor cells expressing empty vector. The bar graph represents the average of 3 experiments performed in triplicates. Data are presented as mean
values 6 SEM (n = 3). One-way ANOVA and Bonferroni multiple-comparison test and two-way ANOVA and Dunn-Sidàk multiple-comparison test were used.
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indicates that it results from a direct cleavage of mAS1/S2 S at S29 (Fig. 10B). Together,
our data indicate that TMPRSS2 can enhance cell-to-cell fusion when S priming is
blocked by facilitating the release of S1L after S29 cleavage.

Our next goal was to further decipher the contribution of ACE2 cleavage by TMPRSS2
and the seemingly opposite effects of TMPRSS2 on fusion activity with WT S and mAS1/
S2 S (Fig. 10A). Since TMPRSS2 cleaves at single Arg and Lys residues (52), we tested the
effect of multiple Arg/Lys-to-Ala mutations in segments close to the transmembrane do-
main of ACE2 (C01C4 in Fig. 11A), which were previously proposed to limit TMPRSS2-
induced shedding (51). Accordingly, WB analyses (Fig. 11B) revealed that TMPRSS2, but
not its active-site Ser mutant S441A (mTMPRSS2 [Fig. 11B and E]), shed the membrane-
bound ;120-kDa WT ACE2, releasing a major ;95-kDa and a minor ;80-kDa form into
the medium (sACE2). In contrast, TMPRSS2 primarily generated the ;80-kDa fragment
from the ACE2 C01C4 mutant. It should be mentioned that in the absence of TMPRSS2,
the extents of fusion for both WT S and mAS1/S2 S were comparable between WT ACE2
and the ACE2 C01C4. Interestingly, in the context of the ACE2 C01C4 receptor mutant

FIG 10 Exogenous TMPRSS2-generated shedding of ACE2 differentially regulates S-induced fusion at the plasma membrane of WT S versus mAS1/S2.
Donor HeLa cells expressing doubly tagged (N-terminal HA tag and C-terminal V5 tag) WT spike glycoprotein or its S1/S2 mutant (mAS1/S2) were
cocultured with acceptor TZM-bl cells expressing (empty vector), ACE2, or ACE2 plus TMPRSS2 (TMP) and treated with DMSO (vehicle control) or camostat
(120 mM). Within the same experiment, cell-to-cell fusion (A) was assessed in parallel with spike processing in cells and media by Western blotting (B and
C). (A) The extent of fusion is represented as a ratio between the RLU measured for each condition and that of donor cells expressing V. The bar graph
represents the average of 2 experiments performed in triplicates. (B and C). Western blot analyses of media and cell extracts of the cocultured cells with
donor cells overexpressing doubly tagged (N-terminal HA tag and C-terminal V5 tag) spike glycoprotein, WT (B) or mAS1/S2 (C). Media were subjected to
immunoprecipitation with anti-HA agarose for the secreted forms of spike protein (S1 and S1L), followed by Western blotting with anti HA-HRP. In the cell
extracts, spike glycoproteins and ACE2 were immunoblotted with anti-V5 MAb and a polyclonal ACE2 antibody, respectively. The data are representative of
those from three independent experiments. The Western blot analyses of TMPRSS2 (using a TMPRSS2 antibody) in the cells are shown separately,
emphasizing the migration positions of the zymogen proTMPRSS2 and its autocatalytically generated products: the N-terminal TMPRSS2Nt and C-terminal
catalytic TMPRSS2Cat.
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and different from the case with WT ACE2 (Fig. 10A and 11C), TMPRSS2 no longer modu-
lated the fusion of both WT S and mAS1/S2 S (Fig. 11C). Importantly, TMPRSS2 did not
reduce the levels of S2 when the ACE2 C01C4 mutant was used (Fig. 11D) as observed
with WT ACE2 (Fig. 10B), nor did it reduce fusion (Fig. 11C). Additionally, the TMPRSS2-
enhanced secretion of the;175-kDa S1L fragment in the absence of S1/S2 cleavage (Fig.
10C and 11E) was no longer detected in the medium when the ACE2 C01C4 mutant
was expressed in acceptor cells (Fig. 11D) and correlated with the lack of fusion ofmAS1/
S2 S (Fig. 11C). Together, these results suggest that the shedding of an;95-kDa form of

FIG 11 The C-terminal collectrin-like domain of ACE2 may be critical for the regulation of cell-to-cell fusion of spike glycoprotein when exogenous
TMPRSS2 is present: effect on secretion of S1L. (A) Schematic representation of the primary structure of human ACE2 with emphasis on the C-terminal
collectrin-like domain (aa 616 to 768 [light gray]), TMPRSS2 cleavage region (aa 697 to 716 [black]), and the polybasic amino acid segments in which K/R
were mutated to A (C0 and C4) (amino acids underlined and in bold). Also shown are the peptidase domain (aa 19 to 615 [white]) containing the regions
involved in the interaction with the spike SARS-CoV protein (hatched) and transmembrane domain (TM). (B) HeLa cells were cotransfected with ACE2 (WT
ACE2 or the ACE2 C01C4 mutant) and TMPRSS2 (WT or the S441A active-site mutant [mTMPRSS2]) or empty vector. Media and cell extracts were analyzed
by Western blotting for shed ACE2 (sACE2) and ACE2, respectively. The migration positions of the ;95-kDa and ;80-kDa sACE2 in the media, as well as
the intracellular disulfide bridged catalytic (cat) and N-terminal (Nt) fragments of TMPRSS2, are emphasized. (C) Donor HeLa cells expressing WT S-HA or
mAS1/S2-HA were cocultured with acceptor TZM-bl cells expressing ACE2, WT ACE2, or the ACE2 C01C4 mutant in presence or absence of TMPRSS2. From
the same experiment, cell-to-cell fusion was assessed (C), in parallel with WB analyses of cells and media (D). The extent of fusion is represented as a ratio
between the RLU measured for each condition and that of donor cells expressing an empty vector. The bar graph presents the average of 3 experiments
performed in triplicates. Data are presented as mean values 6 SD (n = 3). One-way ANOVA and Tukey’s multiple-comparison test were performed. (D)
Coculture media were subjected to immunoprecipitation with anti-HA agarose for the secreted forms of spike protein (S1) followed by Western blotting
with anti-HA-HRP. Spike glycoproteins in the cell extracts were immunoblotted with anti-V5 MAb. The Western blot data are representative of those from
three independent experiments. (E) HeLa cells were transiently coexpressed with doubly tagged spike protein (N-terminal HA tag and C-terminal V5 tag),
WT S or its mutants, mS1/S2 or mAS1/S2, and ACE2 alone or in combination with WT TMPRSS2 (TMPRSS2) or its S441A active-site mutant (mTMPRSS2), at
an S/ACE2/TMPRSS2 ratio of 1:0.5:0.5. The immunoblot of the 24-h-conditioned media was first probed for secreted S1 and S1L (HA-HRP antibody),
stripped, and next probed for sACE2.
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ACE2 by TMPRSS2 (generated from WT ACE2 but not from the ACE2 C01C4 mutant)
could differently modulate SARS-CoV-2 fusion depending on the efficiency of priming at
S1/S2. For the first time, we show that in the absence of furin-mediated priming of S,
TMPRSS2 promotes the secretion of a shed form of ACE2 (sACE2) that favors cell-to-cell
fusion, likely by binding to the N-terminally extended S1L (amino acids [aa] 14 to 815)
(53) and favoring its release.

DISCUSSION

Furin and TMPRSS2 were both proposed to process the SARS-CoV-2 spike protein
and promote viral entry and infection. Here, we functionally characterize the roles of
furin and TMPRSS2 and reveal their complementary contributions to SARS-CoV-2 entry
and infection. Thus, we show for the first time that three orally active small-molecule
nonpeptide furin inhibitors can block viral entry via the pH-independent cell surface
fusion pathway and that this effect is highly enhanced by a combination of furin and
TMPRSS2 inhibitors (Fig. 12). Our data also clearly emphasize the critical importance of
ACE2 in the generation of S29 by both furin and TMPRSS2, which we unambiguously
characterized by proteomics to occur at KPSKR815;SF. Finally, we demonstrate that
shedding of ACE2 into sACE2 by TMPRSS2 likely represents a mechanism by which the
virus escapes the effect of furin inhibitors. We suggest that in the absence of S1/S2

FIG 12 Proposed model for the processing of S protein and its blockade by Furin and TMPRSS2 inhibitors. (Boxed panel) Schematic
representation of the S glycoprotein domains of SARS-CoV-2, including the N-terminal (NTD) and C-terminal (CTD) domains of S1, the
furin-S1/S2, and the furin/TMPRSS2-S29 processing sites, as well as the fusogenic a-helix that follows S2. Binding of the receptor
binding domain of S1 to the membrane-associated ACE2 in target cells and the cell surface expression of TMPRSS2 and furin are also
schematized. (Right portions) (1) BOS inhibitors (or mS1/S2 mutant) completely prevent fusion of donor HeLa cells expressing S
glycoprotein with acceptor HeLa-ACE2 cells, which lack endogenous TMPRSS2. In this context, furin is a major processing enzyme
cleaving at S1/S2 and generating S29. (2) In acceptor HeLa cells expressing TMPRSS2 (1), maximal prevention of cell-to-cell fusion
can be achieved by a combination of furin (BOS, phenocopying the mS1/S2 or mAS1/S2 mutants) and TMPRSS2 (camostat) inhibitors,
which blocks S29 production, ACE2 shedding (sACE2), and separation of sACE2-S1L complex from S2. (3) Optimal blockade of SARS-
CoV-2 infection of Calu-3 cells, which express endogenously both furin and TMPRSS2, is also achieved by a combination of furin
(BOS) and TMPRSS2 (camostat) inhibitors.
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priming, sACE2 may facilitate S29 cleavage and/or release of S1L and thereby induce
the exposure of the C-terminal fusogenic domain and favor viral infection (Fig. 12).

Consistent with previous data (19, 29, 44, 54), processing at S1/S2 is required for
optimal viral entry in Calu-3 lung epithelial cells. Indeed, mutation of the arginines in
the FCS or blocking S1/S2 cleavage by a series of novel furin inhibitors effectively
reduced SARS-CoV-2 entry in Calu-3 cells. In the context of cell-to-cell fusion, mutations
of the FCS impaired syncytium formation in HeLa cells in the absence of TMPRSS2 in
acceptor cells, and furin inhibitors phenocopied the effect of these S1/S2 mutations.
These results highlight the importance of furin in promoting S-mediated cell-to-cell
fusion. The facts that furin cleavage at S1/S2 is conserved in SARS-CoV-2 isolated from
COVID-19 patients and that DPRRA viruses lacking the FCS are poorly infectious in
hamsters (55) suggest that blocking viral entry through the pH-independent pathway
is a viable approach toward thwarting SARS-CoV-2 dissemination. In this context, the
present nontoxic BOS inhibitors deserve consideration as potential antivirals against
acute SARS-CoV-2 infection. As observed in adult animal models, short-term inhibition
of furin would not cause severe side effects, despite the many physiological functions
of this enzyme (21).

Our results demonstrate that furin can process S at S1/S2 and S29 (KR815;SF) and
that the latter cleavage is optimized in the mS29 variant (KRRKR815;SF), yielding a pro-
tein fully competent for fusion in pseudotyping experiments. Importantly, we show
that S29 processing is strongly increased when the ACE2 receptor is expressed. The
data suggest that recognition of the ACE2 receptor by the spike protein induces a con-
formational change of the S2 domain and enhances cleavage of S29 site by cellular pro-
teases such as furin.

In contrast, TMPRSS2 appears to less efficiently cleave synthetic peptides encom-
passing the S1/S2 and S29 cleavage sites than furin (Fig. 1C). TMPRSS2 has been
reported to enhance the infectivity of SARS-CoV-1 and MERS-CoV via cleavages of the
S protein (52, 56), as reviewed in references 2, 16, and 24. The S1/S2 site VSLLR667;ST of
SARS-CoV-1 contains an Arg;Ser cleavage motif that is propitious to cleavage by
TMPRSS2 (52) but not by furin. However, S1 production was minimal and fusion was
observed only when donor cells expressing S protein were cocultured with acceptor
cells expressing ACE2 and TMPRSS2 (52). In contrast, coculture of HeLa cells expressing
SARS-CoV-2 WT S revealed that while the relative levels of soluble S1 fragment were
not affected by the presence of TMPRSS2, the latter enhances S29 levels (Fig. 10B).
Since this was not associated with increased cell-to-cell fusion (Fig. 10A), we assert that
TMPRSS2 could also modulate cell-to-cell fusion via shedding of ACE2. In the presence
of TMPRSS2, the extent of fusion would depend on a combination of S29 generation,
reduced levels of full-length ACE2 receptor (due to shedding), and increased levels of
sACE2 that could act as a decoy to inhibit fusion (57). In that context, a human
recombinant sACE2 that includes the collectrin domain but lacks the TM domain
(hrsACE2, aa 1 to 740) (Fig. 11A) effectively blocked SARS-CoV-2 infection of Vero E6
cells (53). Indeed, our cell-to-cell fusion assay revealed that the ;95-kDa sACE2 primar-
ily produced by TMPRSS2 cleavage of ACE2 resulted in lower levels of ACE2 (Fig. 11B)
and impaired WT-S-induced fusion (Fig. 11C). In contrast, the ACE2 C01C4 mutant was
no longer sensitive to TMPRSS2 shedding, suggesting that the ;80-kDa sACE2, likely
generated by cleavage upstream of Lys619, may no longer be able to inhibit WT S fusion
(Fig. 11C) but may still bind S1, as shown by cryo-electron microscopy (cryo-EM) stud-
ies that used a short ACE2 ectodomain (aa 19 to 615) (38). Together, these results sug-
gest that the C-terminal collectrin-like domain (58, 59) of ACE2 (aa 616 to 768) (Fig.
11A), which is lost in the ;80-kDa form, may be critical for sACE2 to inhibit cell-to-cell
fusion of WT S. Since Arg710 and Arg716 within the collectrin-like domain (Fig. 11A) have
been implicated in ACE2 dimerization (59), the Ala substitutions in the ACE2 C01C4
mutant should significantly impair this process. Whether dimerization of ACE2 and the
;95-kDa sACE2 (Fig. 11B) are needed for efficient inhibition of WT-S-induced fusion
(57) is yet to be confirmed.
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In the context of endogenous expression of ACE2 and TMPRSS2, e.g., in Calu-3 cells
(60, 61), our data show that camostat significantly reduced SARS-CoV-2 infectivity
(Fig. 5D) and pseudovirus entry (Fig. 8C), revealing that an endogenous, relatively low
level TMPRSS2-like activity in Calu-3 cells favors viral entry. Similarly, in the presence of
BOS inhibitors or absence of furin cleavage at S1/S2 (mAS1/S2), TMPRSS2 enhances
cell-to-cell fusion (Fig. 10A). However, when S1/S2 cleavage occurred, cell-to-cell fusion
was reduced by TMPRRS2, a process that, in turn, was blocked by camostat. This sug-
gests that the relative contribution of TMPRSS2 to the shedding of ACE2 into sACE2
and cleavage of S protein at S29 is cell type dependent or that the mechanism of fusion
in the context of viral particle fusion is less sensitive to the decoy effect of sACE2
released by TMPRSS2. Future experiments may unravel the underlying mechanism that
would explain the difference between cell-to-cell fusion in HeLa cells expressing rela-
tively high levels of TMPRSS2, versus infection in Calu-3 cells, expressing modest levels
of TMPRSS2. However, using cell-to-cell fusion, our study highlights a complex dynamic
between S protein, ACE2, furin, and TMPRSS2 and points to a potential role of
TMPRSS2, which in the absence of S1/S2 processing (e.g., mAS1/S2 or in the presence
of BOS inhibitors) can facilitate cell-to-cell fusion by shedding ACE2 (Fig. 12).

The human airway epithelium is an important site of early SARS-CoV-2 infection (19,
30, 62). The virus can then disseminate to other tissues/cells, such as gut, liver, endo-
thelial cells, and macrophages, where ACE2, furin, and TMPRSS2 are coexpressed (63).
While furin is mostly found in the TGN, it is also present in endosomes and on apical/
basolateral plasma membranes in polarized cells such as those of the lung, small intes-
tine, and kidney (64). In contrast, TMPRSS2 is mostly found at the apical membrane of
secretory epithelia (65), suggesting that both enzymes would be poised to process the
S protein on the apical side. Their relative abundance may be an important factor gov-
erning which of the two might cleave S at the S29 cleavage site. The complementarity
and interchangeability of these different proteases, together with those in endosomes,
likely allow for SARS-CoV-2 to exhibit a wider tropism than SARS-CoV-1 (66). In this
context, we note that randomized placebo-controlled clinical trials using the orally
administered TMPRSS2 inhibitor camostat mesylate three times a day did not amelio-
rate COVID-19 symptoms (67), implying that blocking both TMPRSS2 and furin func-
tions could be beneficial, since our results showed that TMPRSS2 activity is preponder-
ant in the absence of S1/S2 cleavage. Furthermore, the intranasal delivery of both
agents would be expected to have less severe side effects and be more effective, as it
would directly target the airway epithelia of the nose and the lungs, the major sites of
SARS-CoV-2 entry.

Together, our results strongly support the notion that a combination of BOS and
selective TMPRSS2 inhibitors would provide a more effective blockade against SARS-
CoV-2 infection (Fig. 5D and 8C). It would now be interesting to validate in vivo
whether a combination of a BOS inhibitor and a more potent/selective TMPRSS2 inhibi-
tor (68) together with hydroxychloroquine (44, 69) would synergize the antiviral effect
of these entry inhibitors.

The availability for worldwide distribution of various SARS-CoV-2 vaccines repre-
sents a major advance to limit the spread of SARS-CoV-2 infections. However, whether
they will be effective in patients with impaired immune systems and confer persistent
protection against new variants of SARS-CoV-2 is still an open question. If the protec-
tive effect of the vaccination remains incomplete, effective antiviral drugs are still
needed and could help with early diagnosis of the disease. Ultimately, in case of new
emerging coronavirus pandemics (70), the availability of such treatments would consti-
tute a powerful antiviral arsenal to be used in pandemic preparedness.

MATERIALS ANDMETHODS
Enzymatic PC inhibition by BOS inhibitors. (i) Biochemical assay. The proprotein convertases

furin (108-574-Tev-Flag-6�His), PC5A (PCSK5; 115-63-Tev-Flag-6�His), PACE4 (PCSK6; 150-693-Tev-Flag-
6�His), and PC7 (PCSK7; 142-634-Tev-Flag-6�His) were purified from BacMam-transduced CHO cells.
Reactions were performed in black 384-well polystyrene low-volume plates (Greiner) at a final volume of
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10 mL. BOS inhibitors (BOS-318, BOS-857, and BOS-981) were dissolved in dimethyl sulfoxide (DMSO;
1 mM) and serially diluted 1 to 3 with DMSO through 11 dilutions to provide a final compound concen-
tration range from 0.00017 to 10 mM. A 0.05-mL volume of each concentration was transferred to the
corresponding well of an assay plate, and then 5 mL of furin, PCSK5, PCSK6, and PCSK7 in assay buffer
(100 mM HEPES [pH 7.5], 1 mM CaCl2, and 0.005% Triton X-100) was added using a Multidrop Combi dis-
penser (Thermo) to the compound plates to give final protein concentrations of 0.02, 0.5, 2.5, and
1.0 nM, respectively. The plates were mixed by inversion, and following a 30-min preincubation of
enzyme with compound at room temperature (;22°C), the substrate FAM-QRVRRAVGIDK-TAMRA
(AnaSpec; no. 808143; 5 mL of a 1, 0.25, 0.20, and 0.5 mM solution in assay buffer for furin, PCSK5, PCSK6,
and PCSK7, respectively) was added using a Multidrop Combi dispenser. The plates were centrifuged at
500 � g for 1 min and incubated at room temperature for 2 h. Enzyme inhibition was then quantified
using an Envision instrument (PerkinElmer). Data were normalized to maximal inhibition determined by
1mM decanoyl-Arg-Val-Lys-Arg-chloromethylketone (Calbiochem; no. 344930).

(ii) Golgi imaging assay. The Golgi imaging assay uses an image-based platform to evaluate the in-
tracellular activity of furin inhibitors. Reactions were performed in black 384-well, tissue culture-treated,
clear-bottom plates (Greiner). Compounds dissolved in DMSO (1.0 mM) were serially 3-fold diluted to
give a final compound concentration range from 0.00017 to 10 mM. Analyses were initiated by the addi-
tion of U2OS cells simultaneously transduced with a BacMam-delivered construct containing a Golgi-tar-
geting sequence followed by a 12-amino-acid furin/PCSK cleavage site from bone morphogenic protein
10 (BMP10) and then green fluorescent protein (GFP) at the C terminus. The dibasic furin cleavage site
sequence was flanked by glycine-rich linkers (GalNAc-T2-GGGGS-DSTARIRRNAKG-GGGGS-GFP). Briefly,
frozen cells are thawed in assay medium (Dulbecco’s modified Eagle’s medium [DMEM] nutritional mix-
ture F-12 [Ham] without phenol red containing 5% fetal bovine serum [FBS]) and diluted to deliver 6,000
cells/well (50 mL) to the plate using a Multidrop Combi dispenser (Thermo). After a 24-h incubation pe-
riod at 37°C, the cells are stained with CellMask deep red stain and fixed in paraformaldehyde, and the
nuclei were stained using Hoechst 33342. The Golgi-targeted GFP forms bright punctate clusters within
the cell. In the absence of a furin/PCSK inhibitor, the endogenous protease cleaves GFP from its N-acetyl-
galactosaminyltransferase 2 Golgi tether, releasing GFP into the Golgi lumen, where fluorescence was
diluted below the threshold of assay sensitivity. In the presence of a cell-permeative furin/PCSK inhibitor,
GFP fluorescence increased as intra-Golgi protease activity was reduced. Cellular GFP intensity was
determined by image-based acquisition (Incell 2200; PerkinElmer) at a magnification of �40 with 4 fields
measured per well. Multiscale top hat segmentation was used to identify the GFP-tagged puncta and to
quantitate the average fluorescence of all puncta on a per-cell basis. Cellular toxicity was determined in
parallel.

(iii) Furin and TMPRSS2 fluorogenic assays. Recombinant furin was purchased from BioLegend
(no. 719406), human recombinant TRMPSS2 from CliniSciences (reference no. LS-G57269-100), and the
DABCYL/Glu-EDANS labeled peptides encompassing the different cleavage sites (Table 1) were pur-
chased from Genscript. Reactions were performed at room temperature in black 384-well polystyrene
low-volume plates (CELLSTAR-Greiner Bio-One; 784476) at a final volume of 15 mL. The fluorescent pep-
tides were used at 5 mM and the reactions were performed in 50 mM Tris buffer (pH 6.5 or 7.5), 0.2%
Triton X-100, 1 mM CaCl2; furin was added at a final concentration of 0.2 to 100 nM. BOS inhibitors (BOS-
318, BOS-857, and BOS-981) were dissolved in DMSO (1 mM) and serially diluted 1 to 2 with DMSO to
provide a final compound concentration range from 50 mM to 0.01 nM with 5% DMSO in the enzymatic
assay. For TMPRSS2, the fluorescent peptides were used at 5 mM and the reactions were performed in
50 mM Tris buffer (pH 8) and 150 mM NaCl, and TMPRSS2 was added at a final concentration of 50 nM.
Cleavage of the synthetic peptides was quantitated by determining the increase of EDANS (493 nm) flu-
orescence following release of the DABCYL quencher, which was excited at 335 nm using a Safire 2
Tecan fluorimeter. The fluorescence was followed for 90 min, and the enzymatic activity was deduced
by measurement of the increase of fluorescence during the linear phase of the reaction. Each reaction
was performed in triplicate, and the standard deviation was calculated using Excel-ecart type function:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
x2 xð Þ2

n2 1ð Þ

s

Plasmids. Singly tagged (C-terminal V5 tag) or doubly tagged (N-terminal hemagglutinin [HA] tag
and C-terminal V5 tag) spike glycoprotein of SARS-CoV-2 (optimized sequence) and its mutants were
cloned into the pIRES2-EGFP vector. Site-directed mutagenesis was achieved using a QuikChange kit
(Stratagene, CA) according to the manufacturer’s instructions. Plasmid pCI-NEO-hACE2 was received
from D. W. Lambert (University of Leeds), and plasmid pIRES-NEO3-hTMPRSS2 was received from
P. Jolicoeur (IRCM). The DEnv Vpr luciferase reporter vector (pNL4-3.Luc.R-E-) was obtained from
Nathaniel Landau through the NIH AIDS Reagent Program, whereas the pHIV-1NL4-3 DEnv-NanoLuc
construct was a kind gift from Paul Bieniasz. Plasmids encoding vesicular stomatitis virus glycoprotein
(VSV-G), as well as HIV-1 Env and Tat, were previously described (71, 72).

Cell culture and transfection. Monolayers of HeLa, HEK293T, HEK293T17, Vero E6, and Calu-3 cells
were cultured in 5% CO2 at 37°C in DMEM (Wisent) supplemented with 10% (vol/vol) FBS (Wisent).
HEK293T-ACE2 cells (73), a generous gift from Paul Bieniasz, were maintained in DMEM containing 10%
FBS, 1% nonessential amino acids (NEAA) and 50 mg/mL of blasticidin (InvivoGen). The cells were trans-
fected with JetPrime transfection reagent according to the manufacturer’s instructions (Polyplus-trans-
fection, New York, NY). At 24 h posttransfection, the culture media were changed to serum free and cells
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incubated for an additional 24 h. To establish the HeLa cells stably expressing human ACE2, transfected
cells were selected using media containing 500mg/mL of neomycin (G418; Wisent).

For knockdown of furin in HeLa cells, an optimized set of 4 small interfering RNAs (siRNAs; SMARTPool)
targeted against human furin were purchased from Horizon Discoveries (PerkinElmer, Lafayette, LA) and
transfections of HeLa cells were carried out using INTERFERin (Polyplus-transfection) as recommended by
the manufacturer.

To generate HIV particles pseudotyped with SARS-CoV-2 S, HEK293T17 cells (600,000 cells plated in a
6-well vessel) were transfected with 1mg of pNL4-3.Luc.R-E- (or pHIV-1NLDEnv-NanoLuc) in the presence
or absence of 0.3 mg of pIR-2019-nCoV-S V5 plasmids using Lipofectamine 3000 (Life Technologies). In
certain experiments, HEK293T17 cells were treated with BOS inhibitors at 6 h posttransfection.
Pseudovirions expressing the nanoluciferase or firefly luciferase were collected at 24 h or 48 h posttrans-
fection, respectively. Viral supernatants were clarified by centrifugation at 300 � g and passed through a
0.45-mm-pore-size polyvinylidene fluoride (PVDF; Millipore) syringe filter (Millipore; SLGVR33RS), and ali-
quots were frozen at 280°C. For WB analysis of purified pseudovirions, viral supernatants were concen-
trated by ultracentrifugation on a 20% sucrose cushion for 3 h at 35,000 rpm (Beckman Coulter OPTIMA
XE; Ti70.1 rotor). HIV particles lacking the SARS-CoV-2 S glycoprotein served as a negative control in all
experiments.

Cell viability assay using MTT. Cells, seeded in a 96-well plate the day before at 10,000 (HEK-293T
and Vero E6) or 50,000 (Calu-3), were treated with serial 10-fold dilutions of BOS inhibitors for up to 48
h. Cells treated with a vehicle alone were used as a negative control. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-di-
phenyl-2H-tetrazolium bromide (MTT) was subsequently added to the medium (final concentration,
2.5 mg/mL), and cells were further incubated for 4 h at 37°C. After removal of the culture media, DMSO
was added and absorbance was read at 595 nm using a microplate spectrophotometer. The data from
two independent experiments done in triplicates were used to calculate the 50% cytotoxic concentra-
tion (CC50) by nonlinear regression using GraphPad Prism v5.0 software.

qPCR analyses. RNA from transfected HeLa cells were extracted using TRIzol, as recommended by
the manufacturer (Invitrogen, Burlington, ON, Canada). cDNA synthesis and quantitative reverse tran-
scription-PCR (qPCR) were performed as previously described (74). Primers from neighboring exons
were used to measure PC5, furin, PC7, PACE4, and human TATA box binding protein (TBP) expression.
The sense and antisense oligonucleotides used for qPCR of the PCs and TBP were as follows: PC5,
59-ACTCTTCAGAGGGTGGCTA and 59-GCTGGAACAGTTCTTGAATC; furin, 59-CATGACTACTCTGCTGATGG
and 59-GAACGAGAGTGAACTTGGTC; PACE4, 59-CGGGAACCAAGTCTCAACTTCT and 59-CAGTTTGTAA
ACCCTTCATTGGAA; PC7, 59-ACACCATCCAGGACATTGCA and 59-GGGTCATTAGAGTTGAGGTCATAGC; and
TBP, 59-CGAATATAATCCCAAGCGGTTT and 59-GTGGTTCGTGGCTCTCTTATCC.

Western blots. The cells were washed with phosphate-buffered saline (PBS) and then lysed using
radioimmunoprecipitation assay (RIPA) buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA, and 50 mM
Tris [pH 7.5]) for 30 min at 4°C. The cell lysates were collected after centrifugation at 14,000 � g for
10 min. The proteins were separated on 7% Tris-glycine or 8% Tricine gels by SDS-PAGE and transferred
to a PVDF membrane (PerkinElmer). The proteins were revealed using a V5 monoclonal antibody (MAb)
(V2660; 1:5,000; Invitrogen), ACE2 antibody (rabbit monoclonal antibody ab108252; 1:3,000; Abcam),
actin antibody (rabbit polyclonal A2066; 1:5,000; Sigma), TMPRSS2 antibody (rabbit monoclonal anti-
body ab92323; 1:1,000; Abcam), or HA-horseradish peroxidase (HRP) antibody (12-013-819; 1:3,500;
Roche). The antigen-antibody complexes were visualized using appropriate HRP-conjugated secondary
antibodies and an enhanced chemiluminescence kit (ECL; Amersham or Bio-Rad), and normalization to
b-actin was reported. Quantification of immunoreactive proteins was performed using Image Lab soft-
ware (Bio-Rad).

For analysis of SARS-CoV-2 S virions or pseudovirions, protein extracts of purified viral particles and
corresponding producing cells (Calu-3 or 293T17, respectively) were resolved on 10% Tris-glycine gels
and immunoblotted for spike, nucleocapsid, HIV-1 Gag p24, or actin using anti-V5 (for pseudovirion
detection; V2660)/anti-S2 (for virion detection; Sino Biologicals; 40590-T62), anti-N (Sino Biologicals;
40143-MM05), anti-p24 (Maine Biotechnology Services (MBS) hybridoma line 31-90-25), or anti-actin (MP
Biomedicals; SKU 08691001), respectively.

Glycosidase treatment. Proteins (30 to 50 mg) were digested for 90 min at 37°C with endoglycosi-
dase H (endo-H; P0702L) or endoglycosidase F (endo-F; P0705S) as recommended by the manufacturer
(New England BioLabs).

Inhibitor treatment. At 24 h posttransfection, cells were incubated for 6 h with two pan-PC inhibi-
tors: the cell-permeative decanoyl-RVKR-chloromethylketone (cmk; 50 mM; 4026850.001; Bachem) and
the cell surface PC inhibitor hexa-D-arginine (D6R; 20 mM; 344931; EMD). Culture media were then
replaced with fresh ones containing the inhibitors for an additional 24 h. For the selective cell-permea-
tive furin-like inhibitors (BOS; Boston Pharmaceuticals), the cells were treated with the inhibitors at the
specified concentration starting at 5 h pretransfection and throughout the duration of the experiment.

Cell-to-cell fusion assay. HeLa or HeLa TZM-bl cells were plated at 200,000 in 12-well plates. HeLa
cells were transiently transfected with different constructs of SARS-CoV-2 spike or NL4.3-HIV Env or an
empty vector (V) and 0.2 mg of cytomegalovirus (CMV) Tat plasmid. HeLa TZM-bl cells were transfected
with human ACE2, TMPRSS2, or a combination of both. At 6 h posttransfection, media were replaced
with fresh ones containing furin inhibitors, and 24 h later, the cells were detached with PBS-EDTA
(1 mM). Different combinations of HeLa and HeLa TZM-bl cells were placed in coculture plates at a ratio
of 1:1 for a total of 60,000 cells/well of a 96-well place. After 18 to 24 h, the media were removed and
50mL of cell lysis reagent was added in each well. Twenty microliters of the cell lysate was used for lucif-
erase reading using 50 mL of Renilla luciferase reagent (Promega, Madison, WI). Relative light units (RLU)
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were measured using a Promega GloMax plate reader and values were reported as fold increase over
the RLU measured in coculture of HeLa cells transfected with an empty vector with respective TZM-bl
cells.

Protein immunoprecipitation from coculture media. When indicated, a secreted form of doubly
tagged spike-glycoprotein of SARS-CoV-2 (N-terminal HA tag and C-terminal V5 tag) from media of
cocultured HeLa and HeLa-TZM-bl cells was analyzed by immunoprecipitation. Namely, 0.3 mL of media
were precipitated with 25 mL of EZ view red anti-HA affinity gel (E 6779; Sigma-Aldrich) according to the
manufacturer’s protocol. Upon SDS-PAGE separation and PVDF transfer, the proteins were detected
using an HA-HRP antibody (12-013-819; 1:3,500; Roche).

Microscopy. In our luciferase assay, cell cocultures were plated on glass coverslips. After 18 to 24 h,
the cells were incubated with 488 CellMask to stain the membrane and then fixed with 4% paraformal-
dehyde (PFA) for 15 min at 4°C. The glass coverslips were mounted on glass slides using ProLong Gold
antifade containing 49,6-diamidino-2-phenylindole (DAPI; Invitrogen). The number of syncytia was
counted over 10 fields.

Pseudovirus entry. HEK293T-ACE2 or Calu-3 cells (10,000 cells/well plated in a 96-well dish 24 or 48 h
before, respectively) were incubated with up to 200 mL of filtered pseudovirions overnight. In certain
experiments, target cells were pretreated with BOS-318 (1 mM) for 6 h and/or camostat (40 mM) for 2 h
before transduction. The overnight incubation with pseudovirions was performed in the presence of the
inhibitors. Viral inoculum was removed, then fresh media were added, and the cells were cultured for up
to 72 h. Upon removal of spent media, 293T-ACE2 and Calu-3 cells were gently washed twice with PBS
and analyzed for firefly luciferase or nanoluciferase activity, respectively, using the Promega luciferase
assay (catalog no. E1501) or Nano-Glo luciferase system (catalog no. N1110), respectively.

Replication-competent SARS-CoV-2. SARS-CoV-2, which served as the viral source, was originally
isolated from a COVID-19 patient in QC, Canada, and was designated LSPQ1. The clinical isolate was
amplified, the titer was determined in Vero E6 cells using a plaque assay as detailed below, and the in-
tegrity of the S protein multibasic protein convertase site was validated by sequencing. All experiments
involving infectious SARS-CoV-2 were performed in the designated areas of the biosafety level 3 labora-
tory (at IRCM) previously approved for SARS-CoV-2 work.

Plaque assay in Vero E6 cells. Vero E6 cells (1.2 � 105/well) were seeded in quadruplicate in 24-well
tissue culture plates in DMEM supplemented with 10% FBS 2 days before infection. Cells were infected
with up to six 10-fold serial dilutions (1022 to 1026) of viral supernatant containing SARS-CoV-2 for 1 h at
37°C (200-mL infection volume). The plates were manually rocked every 15 min during the 1-h period.
Subsequently, virus was removed, cells were washed, and overlaying medium (containing 0.6% low-
melt agarose in DMEM with 10% FBS) was added and incubated undisturbed for 60 to 65 h at 37°C.
After incubation, cells were fixed with 4% formaldehyde and stained with 0.25% crystal violet (prepared
in 30% methanol). High-quality plaque pictures were taken using a high-resolution DLSR camera (Nikon;
model D80; objective, AF Micro-Nikkor 60 mm f/2.8D). Plaques were counted manually and in parallel,
imaged plaque plates were processed, and plaques were enumerated using an automated algorithm-
based Matlab software, as previously reported (54). In brief, the program assigned a color to every object
and each individual plaque was arbitrarily given a color shade, while fused plaques received one single
color. The gray background depicts fields of live/uninfected cells (no plaques). Enumeration of plaques
was done with at least two dilutions where individual/unfused plaques were observed. Virus titer is
expressed as PFU per milliliter, determined as follows: (number of plaques � dilution factor of the virus) �
1,000/volume of virus dilution used for infection (in microliters). The multiplicity of infection (MOI) is
expressed as PFU of virus used for infection/number of cells.

Cell infections with fully replicative SARS-CoV-2. Vero E6 and Calu-3 cells were seeded in dupli-
cates in 12-well plates (2.3 � 105 cells/well) the day before. Cells were pretreated with various concentra-
tions (0.1 to 1 mM) of BOS inhibitors and vehicle alone (DMSO) for up to 24 h. In certain experiments,
Calu-3 cells were also pretreated with camostat for 1 h. Thereafter, cells were infected with SARS-CoV-2
at an MOI of 0.001 for 1 h (Vero E6) or 0.01 for 3h (Calu-3 cells) in 350 mL of serum-free DMEM at 37°C
with occasional manual rocking of plates. Cells plus media only were used as a control. After incubation,
virus was removed, and the cell monolayer was washed twice successively with PBS and serum-free
DMEM. New media (total 1 mL) containing the concentrations of BOS inhibitors was subsequently added
to cells. Cell-free supernatant (250 mL) was removed at 12, 24, and 48 h postinfection. The drugs were
replenished for 1 mL of media at 24 h postinfection. The virus supernatants were stored at 280°C until
further use. Viral production in the supernatant was quantified using a plaque assay on Vero E6.1 cells as
described above. In certain experiments, viral supernatants were harvested at the end of infection and
purified on a 20% sucrose cushion using ultracentrifugation as described above. The resulting concen-
trated virus and corresponding infected cells were analyzed by Western blotting as appropriate.

Quantification and statistical analysis. Virus titers quantified by plaque assay in triplicate are
shown as means 6 standard deviations. The results from experiments done with two biological repli-
cates and two technical replicates in triplicates were used to calculate the IC50 by nonlinear regression
using GraphPad Prism v5.0 software. The differences between the control cells (virus with 0.001%
DMSO) and the cells treated with BOS inhibitors were evaluated by Student’s t test. P values of 0.05 or
lower were considered statistically significant (in figures, P values are represented as follows: *, P , 0.05;
**, P, 0.01; ***, P, 0.001 and ****, P, 0.0001).

Data availability. Source data are provided with this paper. The data that support the findings of
this study are preserved at repositories of the Montreal Clinical Research Institute (IRCM), Montreal, QC,
Canada, and available from the corresponding authors upon reasonable request.
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