
ll
OPEN ACCESS
iScience

Article
Identification and differential usage of a host
metalloproteinase entry pathway by SARS-CoV-2
Delta and Omicron
Mehdi Benlarbi,

Geneviève
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SUMMARY

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) spike glyco-
protein (S) binds to angiotensin-converting enzyme 2 (ACE2) to mediate mem-
brane fusion via two distinct pathways: 1) a surface, serine protease-dependent
or 2) an endosomal, cysteine protease-dependent pathway. In this study, we
found that SARS-CoV-2 S has a wider protease usage and can also be activated
by TMPRSS13 and matrix metalloproteinases (MMPs). We found that MMP-2
and MMP-9 played roles in SARS-CoV-2 S cell-cell fusion and TMPRSS2- and
cathepsin-independent viral entry in cells expressing high MMP levels. MMP-
dependent viral entry required cleavage at the S1/S2 junction in viral producer
cells, and differential processing of variants of concern S dictated its usage; the
efficiently processed Delta S preferred metalloproteinase-dependent entry
when available, and less processed Omicron S was unable to us metalloprotei-
nases for entry. As MMP-2/9 are released during inflammation, they may play
roles in S-mediated cytopathic effects, tropism, and disease outcome.

INTRODUCTION

Coronavirus disease-2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2), a highly transmissible positive sense single-stranded RNA virus. The clinical presentation of

COVID-19 ranges from asymptomatic or mild to severe disease, including pneumonitis and acute respira-

tory distress syndrome (Huang et al., 2020). Severe COVID-19 is characterized by an uncontrolled release of

cytokines, leading to hyperinflammation, tissue damage, and dysregulated immune responses. The persis-

tence of these responses often results in multi-organ damage and failure (Tay et al., 2020). In addition, upon

SARS-CoV-2 infection, pneumocyte syncytia formation is more prevalent in COVID-19 patients with severe

chronic respiratory diseases, suggesting a potential hallmark of disease pathogenesis (Braga et al., 2021).

Membrane fusion is mediated by viral fusion proteins that protrude from the viral membrane or are

exposed at the cell surface of infected cells. It can occur during viral entry or between adjacent cells ex-

pressing viral fusion proteins and/or its receptor, causing syncytium formation. To catalyze the merging

of membranes during viral entry and cell-to-cell fusion, viral fusion proteins undergo extensive conforma-

tional changes, from a high-energy metastable state to a highly stable low-energy state (Harrison, 2015).

This conformational rearrangement is induced by virus-specific triggers such as receptor binding, low

pH, and/or proteolytic cleavage (Harrison, 2015). For SARS-CoV-2, the viral fusion protein is the spike

glycoprotein (S). S is composed of two subunits: S1, which mediates attachment to the host cell receptor

angiotensin-converting enzyme 2 (ACE2) and, S2, which facilitates membrane fusion (Shang et al., 2020;

Wan et al., 2020; Letko et al., 2020). SARS-CoV-2 and SARS-CoV-1 are related pathogenic betacoronavi-

ruses that share a common host receptor (Li et al., 2003), ACE2, and both require a two-step sequential

cellular protease cleavage of the S protein at the S1/S2 junction and at an S20 site for entry (Figure 1A) (Hoff-

mann et al., 2020b; Jackson et al., 2022). Cleavage of the S1/S2 junction reveals the S20 site, which is further

processed to expose the fusion peptide allowing membrane fusion (Belouzard et al., 2009) (Figure 1A).
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However, unlike that of SARS-CoV-1, SARS-CoV-2 S possesses an arginine-rich motif within the S1/S2

cleavage site enabling recognition and cleavage at the S1/S2 boundary by furin or furin-like enzymes in

the virus-producer cell (Tang et al., 2021). The furin cleavage site has been shown to be critical for SARS-

CoV-2 infection in human lung cells and transmissibility in ferrets (Peacock et al., 2021a; Hoffmann et al.,

2020a). Moreover, variants of concern such as Alpha, Delta, and more recently Omicron possess mutations

within the S1/S2 furin cleavage site that affect furin cleavage efficiency and S fusogenic activity (Lubinski

et al., 2022; Meng et al., 2022; Saito et al., 2021).

Previous studies have defined two possible routes of entry used by SARS-CoV-2 and SARS-CoV-1: an early

cell surface pathway following activation by surface serine proteases, notably the transmembrane serine

protease 2 (TMPRSS2), and a late-endocytic pathway using endolysosomal cathepsins (Murgolo et al.,

2021). Host cell protease expression dictates which viral entry pathways are preferred and could explain

why some drugs targeting one but not both pathways are not effective at reducing the SARS-CoV-2 burden

in patients (Horby et al., 2020). S glycoproteins expressed at the surface of infected cells also require similar

triggers to induce syncytia formation (Buchrieser et al., 2020). Interestingly, previous studies have reported

SARS-CoV-2 S-mediated cell-cell fusion in the absence of TMPRSS2 expression (Nguyen et al., 2020; Hörn-

ich et al., 2021); however, the identification of the activating protease(s) or if this mechanism represents an

additional cell entry pathway remain unknown.

Here we show that in the absence of TMPRSS2, SARS-CoV-2 S can use the matrix metalloproteinases

(MMPs), MMP-2 and 9, to induce cell-cell fusion. In cells expressing high levels of MMP-2/9 such as

HT1080 cells, infection and syncytia formation induced by native SARS-CoV-2 Alpha were significantly

reduced by MMP inhibitors. We also investigated MMP roles in a viral entry using lentiviral pseudotypes

and virus-like particles harboring S of wild-type D614G or variants of concern and found that the various

S glycoproteins differentially used the MMP pathway and preferential usage correlated with the extent

of S1/S2 processing and syncytia formation. Previous studies have reported increased serum levels of

MMPs such as MMP-9 in patients with severe COVID-19 (Gelzo et al., 2022). Therefore, our studies suggest

that in the context of hyperinflammation and dysregulated immune responses, MMPs could play a role in

facilitating SARS-CoV-2 viral entry and syncytia formation, expanding tropism to TMPRSS2 negative cells,

and exacerbating COVID-19.
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RESULTS

Cell-cell fusionmediated by SARS-CoV-2 S can occur in a surface serine protease-independent

manner but remains angiotensin-converting enzyme-dependent and is enhanced by

TMPRSS2 and TMPRSS13

To study the host factors required for the SARS CoV-2 S activation and compare them to host factors

required for SARS-CoV-1 S, we first sought to establish a syncytium-formation assay. Parental 293T cells

or 293T cells engineered to overexpress human ACE2 were transfected with plasmids encoding S and

green fluorescent protein (GFP) to visualize large areas of fused cells that can be distinguishable from sin-

gle cells. A plasmid encoding for the serine protease, TMPRSS2, or an empty vector, pCAGGS, was also

transfected to assess S dependency on surface serine protease fusion activity. As expected, we found

that SARS-CoV-1 S can only induce syncytia formation in the presence of both ACE2 and TMPRSS2 (Fig-

ure 1B) (Hoffmann et al., 2020b; Glowacka et al., 2011). In addition, the ACE2/TMPRSS2-dependent

SARS-CoV-1 S cell fusion was abrogated when cells were treated with Camostat, a serine protease inhib-

itor, further indicating that cell fusion by SARS-CoV-1 S requires serine protease activity (Figure 1B). In

contrast, SARS CoV-2 S-mediated syncytia were observed even in the absence of TMPRSS2, yet their for-

mation was still dependent on ACE2 expression (Figure 1B). Interestingly, the incubation of cells with Ca-

mostat did not reduce syncytia formation by SARS CoV-2 S, in the presence or absence of TMPRSS2

(Figure 1B). These results suggest that, unlike SARS-CoV-1 S, SARS CoV-2 S-mediated fusion can occur

independently of surface serine protease activity.

ACE2 dependence and the contribution of TMPRSS2 were further assessed by incubating SARS-CoV-2

S-expressing 293T cells with soluble ACE2. In these conditions, an ACE2 dose-dependent increase in

S-mediated fusion and a robust enhancement of cell-cell fusion when TMPRSS2 was co-expressed was

observed (Figure S1). To further quantify cell-cell fusion, we used a bimolecular fluorescence complemen-

tation assay based on the separate expression of fragments of the yellow fluorescent protein, Venus, fused

to a leucine zipper in effector and target cell populations (ZIP Venus assay) (Figure 1C) (Carter-Timofte
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Figure 1. SARS-CoV-2 S can mediate cell-cell fusion in a metalloproteinase-dependent manner

(A) Schematics of the S glycoprotein and amino acid sequences at the S1/S2 and S20 cleavage sites of mutants used in this study. In green: fusion peptide, in

orange and yellow: N- and O- heptad repeats respectively, in purple: transmembrane domain, in red: amino acids surrounding the cleavage sites. Arrow

heads depict the cleavage site.

ll
OPEN ACCESS

iScience 25, 105316, November 18, 2022 3

iScience
Article



Figure 1. Continued

(B and D) (Created with BioRender) (B, D) 293T or 293T stably expressing ACE2 (293T-ACE2) were co-transfected with plasmids encoding GFP, SARS-CoV-1

or SARS-CoV-2 S WT or indicated mutants, and TMPRSS2, or with an empty vector, in the presence or absence of Camostat (25 mM). Syncytia formation was

visualized 24 h post-transfection using fluorescence microscopy.

(C and E) Effector 293T cells transfected with plasmids encoding SARS-CoV-1 or SARS-CoV-2 S and ZipVenus1, were co-cultured with target 293T cells

transfected with plasmid encoding ZipVenus 2, ACE2 and TMPRSS2, TMPRRS13 or empty vector, in the presence or absence of indicated protease inhibitors

(Camostat 25 mM, E64days 10 mM, GIX 25402X3 (GIX) 10 mM, TAPI-2 40 mM, Batimastat 10 mM). Fluorescence generated by the reconstitution of ZIPVenus

upon cell-cell fusion was measured after 4 h of co-culture.

(F) 293T cells transfected with plasmids encoding GFP and SARS-CoV-2 S were co-cultured (1:1 ratio) with Calu-3 cells in the presence of the indicated

inhibitors (Camostat 25 mM, GIX 10 mM). Syncytia were visualized 24 h post-transfection using fluorescence microscopy. Pictures are representative images of

at least 3 independent experiments (n % 3). Each bar graph shows the mean of triplicate values of 3 independent experiments with error bars showing SD.

Significance was determined by ANOVA (one-way ANOVA) followed by a Dunnett’s multiple comparisons test. p-value lower than 0.05 was used to indicate a

statistically significant difference (****, p < 0.0001, ***, p < 0.001, **, p < 0.01, *, p < 0.05). The scale bar represents 300 mm.

See also Figure S1.
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et al., 2021). This assay allows for the quantitative measurement of the extent of cell-cell fusion using fluo-

rescence. Previous studies on SARS-CoV-1 S and recent studies on SARS CoV-2 S revealed that other sur-

face serine proteases can also activate these viral fusion proteins (Zang et al., 2020; Kishimoto et al., 2021;

Hoffmann et al., 2021; Bertram et al., 2011; Zhang et al., 2020). Here we sought to validate a role for

TMPRSS13 in our assay given its broad expression in the respiratory tract and by immune cells, in addition

to its previously reported implications in infection (Laporte et al., 2021). Target cells transfected with

various combinations of plasmids encoding ACE2 and ones encoding TMPRSS2 or TMPRSS13 were co-

cultured with effector cells encoding S from SARS-CoV-1 or SARS CoV-2. We found that expression of

TMPRSS2 or TMPRSS13 enhanced SARS-CoV-1 and SARS-CoV-2 S mediated cell-cell fusion in an ACE2-

dependent manner and that the contribution of TMPRSS2/13 in cell-cell fusion was sensitive to Camostat

treatment (Figure 1C). Like the results of the syncytia formation assay, cell-cell fusion was observed in a

TMPRSS2/13-independent manner for SARS-CoV-2 S but not SARS-CoV-1 (Figure 1C). These results agree

with previous studies and indicate that the fusion activity of SARS CoV-1 and SARS-CoV-2 S can be acti-

vated by several surface serine proteases, yet only SARS-CoV-2 can induce cell-cell fusion in the absence

of those proteases.

SARS-CoV-2 S20 site is processed by both serine proteases and metalloproteinases, and cell-

cell fusion is abrogated by metalloproteinase inhibitors

Previous studies on coronavirus S glycoproteins showed that the activation of the fusion activity of S

required sequential proteolytic cleavage at the S1/S2 boundary and at an S20 site, both of which can be

performed by several different surface serine proteases or endosomal cathepsin proteases during viral en-

try (Belouzard et al., 2009; Le Coupanec et al., 2021). To confirm that these protease cleavage steps are also

required for the TMPRSS2-independent fusion observed with SARS-CoV-2 S, we next tested the fusion ac-

tivity of S constructs mutated at the S1/S2 junction (D furin site) and the S20 site (R815A) (Figure 1A). We

found that SARS-CoV-2 S-mediated syncytia formation still occurred when the furin cleavage site was

removed, but only in the presence of TMPRSS2 (Figure 1D). In addition, and similar to reports from other

studies, a mutation at the S20 site inactivated the fusion activity of S, which could not be rescued by

TMPRSS2 expression (Figure 1D) (Yu et al., 2022; Hörnich et al., 2021). These results indicate that the S20

site of SARS CoV-2 S is critical for fusion activation and that the TMPRSS2-independent fusion requires pro-

cessing at the S1/S2 boundary.

The requirement for an intact S20 site also suggested that the cell-cell fusion in the absence of TMPRSS2 or

TMPRSS13 required proteolysis by an unknown protease expressed at the surface or secreted by these cells

that are not inhibited by Camostat. Likely candidates include members of the broad family of metallopro-

teases which are active at neutral pH and can be membrane-bound or secreted from a variety of cells. To

identify the unknown protease(s) responsible for the fusion, we used the cell-cell fusion assay and incu-

bated the cells with inhibitors of serine proteases (Camostat), late endosome/lysosomal cysteine proteases

(E64days), and metalloproteinases (GI 254023X (GIX), TAPI-2, and batimastat). As expected, Camostat and

E64days did not affect SARS-CoV-2 S-mediated cell-cell fusion in the absence of TMPRSS2. However, all the

metalloproteinase inhibitors completely blocked fusion (Figure 1E) suggesting that one or multiple metal-

loproteinases expressed by 293T-ACE2 cells can trigger SARS-CoV-2 S fusion activity. In addition, these

metalloproteinase inhibitors were rendered ineffective when TMPRSS2 was expressed (Figure 1E), sug-

gesting that TMPRSS2 could compensate for the inhibition of metalloproteinase activity. However, metal-

loproteinase-dependent fusion was still observed in 293T-TMPRSS2/ACE2 cells treated with Camostat
4 iScience 25, 105316, November 18, 2022
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(Figures 1D and 1E). To explore this further, we co-cultured 293T cells expressing SARS-CoV-2 S and GFP

with Calu-3 cells which endogenously express ACE2 and surface serine proteases such as TMPRSS2 (Sac-

con et al., 2021). We found that SARS-CoV-2 S efficiently promoted cell-cell fusion which was insensitive to

the action of single inhibitors and could only be blocked when a combination of serine protease andmetal-

loproteinase inhibitors were used (Figure 1F). These results indicate that serine proteases and metallopro-

teinases perform a redundant cleavage step, presumably at the S20 site.

SARS-CoV-2 S can mediate cell entry via a metalloproteinase-dependent pathway

Previous studies had also reported SARS-CoV-2 S batimastat-sensitive cell-cell fusion, yet this broadmetal-

loproteinase inhibitor had no effect on viral entry in the cell lines tested (Nguyen et al., 2020; Hörnich et al.,

2021). However, since these and our results show that metalloproteinases can activate S for cell-cell fusion,

the expectation is that these proteases should also be able to mediate viral entry. To investigate this, we

tested viral entry in 293T-ACE2 and Calu-3 cells using lentiviral pseudotypes. Like other studies (Koch et al.,

2021), we found that SARS-CoV-2 and SARS-CoV-1 S-mediated entry was strongly inhibited by E64days in

293T-ACE2 cells, and by Camostat in Calu-3 cells (Figures 2A and 2B). In addition, a slight reduction in the

entry of SARS-CoV-2 pseudotypes in 293T-ACE2 cells was observed in the presence of metalloproteinase

inhibitors (Figure 2A). However, the dramatic decrease in entry after treatment within E64days indicated

that the cathepsin entry pathway is the preferred route in these cells.

We surmised that while expression of metalloproteinases in 293T-ACE2 cells might be sufficient to induce

cell-cell fusion, the levels could be too low to mediate effectively viral entry. We, therefore, measured met-

alloproteinase mRNA levels in 293T cells and various cell lines using quantitative reverse transcription PCR

(RT-qPCR) (Figure 2C). We found that HT1080 cells express high mRNA levels of MMP-2 and MMP-9, which

are targets of GIX and TAPI-2 (Figure 2C) (Zocchi et al., 2016; Raissi et al., 2014). The secretion and elevated

activity of MMP-2 and MMP-9 produced by these cells were also confirmed by in gel gelatin zymography

which allows the visualization of electrophoretically resolved MMP-2 and MMP-9 via the degradation of

their gelatin substrate leaving white bands when the gelatin polyacrylamide gel is stained with Coomassie

Blue (Figure 2D). We also found that unlike the Calu-3 cells, the HT1080-ACE2 cells do not express

TMPRSS2 as measured by cell surface staining and flow cytometry (Figure S2), indicating that these cells

would allow for the testing of a potential role of matrix metalloproteinases in SARS-CoV-2 entry. HT1080

cells were transfected with a plasmid encoding ACE2 and infected with SARS-CoV-2 lentiviral pseudotypes.

Strikingly, in these cells, SARS-CoV-2 S-mediated entry was insensitive to E64days and Camostat, but

completely abrogated by TAPI-2 and GIX. In comparison, entry of pseudotypes bearing SARS-CoV-1 S

was blocked by E64days and those with VSV-G remained mostly unaffected, although a slight inhibition

by Camostat was noted (Figure 2E). These results indicate that in cells expressing high levels of secreted

MMPs, SARS-CoV-2 S entry was mediated via a previously unrecognized entry route that is cysteine/serine

protease-independent and metalloproteinase-dependent.

A viral-like-particle system reveals distinct S processing efficiencies and differential usage of

the metalloproteinase-dependent entry pathway among SARS-CoV-2 variants

Although lentiviral pseudotypes are suitable, well-established surrogate systems to investigate viral entry,

differential budding sites between lentiviruses and coronaviruses can lead to variations in S glycoprotein

processing (Fu et al., 2021; Wang et al., 2021b). Since our cell-cell fusion assays clearly demonstrated

that the processing of S at the S1/S2 junction is required for metalloproteinase-dependent activation of

S (Figure 1D), we sought to validate our results using virus-like particles (VLPs). As described previously,

SARS-CoV-2 VLPs are produced in cells after co-expression of the four SARS-CoV-2 structural proteins

(S, M, E, N) and a reporter gene, thus more accurately recapitulating SARS-CoV-2 egress and entry

compared to lentiviral pseudotypes (Syed et al., 2021a). We found that lentiviruses incorporate mostly fully

processed S (Figure 3A), while S on the VLPs were a mixture of unprocessed (S0) and cleaved S (Figure 3B),

which agrees with previous studies (Zhang et al., 2022; Ou et al., 2020; Zeng et al., 2020; Plescia et al., 2021;

Syed et al., 2021a). Interestingly, highly transmissible variants of concern Alpha and Delta, which both have

mutations at P681 near the S1/S2 furin cleavage site (Lubinski et al., 2022; Peacock et al., 2021b), display

differential S processing when expressed at the surface of VLPs. Specifically, the Delta variant S, which har-

bors a P681R mutation, is processed more efficiently than both the alpha variant S, which harbors a P681H

mutation and the D614G S (Figure 3B). This difference in processing efficiency was not discernible in the

lentiviral pseudotype system (Figure 3A). In addition, we tested a previously described deletion mutant

(del675-679) (Figure 1A), often generated during cell culture adaptation of SARS-CoV-2. Although the furin
iScience 25, 105316, November 18, 2022 5
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Figure 2. SARS-CoV-2 S can mediate viral entry using a metalloproteinase-dependent entry route in cells expressing high levels of MMP-2 and

MMP-9

(A, B, and E) 293T-ACE2, Calu-3, and HT1080 transfected with ACE2, were pre-treated for 1 h with 25 mMCamostat, 10 mME64days, 40 mM TAPI-2, 10 mMGIX

or Vehicle (DMSO) followed by the addition of lentiviral pseudoviruses encoding LacZ and bearing the SARS-CoV-2 D614G S, SARS-CoV-1 S, or VSV-G. After

48 h, cells were fixed and stained with X-gal overnight at 37�C and foci representing infected cells were counted. Relative infection was calculated as the

number of foci in the indicated inhibitor treatment relative to vehicle treatment. Each bar graph shows the mean of triplicate values of 3 independent

experiments with error bars showing SD. The impact of inhibitors on infection compared to vehicle was analyzed using a two-way ANOVA and Dunnett’s

post-hoc analysis. P-value lower than 0.05 was used to indicate a statistically significant difference (****, p < 0.0001, ***, p < 0.001, **, p < 0.01, *, p < 0.05).

(C) Relative mRNA levels of MMP-2, MMP-9, ADAM10, and ADAM17 in various cell lines were measured by RT-qPCR. The level of actin mRNA expression in

each sample was used to standardize the data, and normalization on 293T gene expression was performed. (293T, 293T-ACE2, Calu-3, HT1080: n R 3).

(D) Gelatin zymogram of 40 mg of protein from conditioned media (24 h) from indicated cell lines reveals secreted MMP-2 (72 kDa) and MMP-9 (92 kDa)

activity, arrows indicate the pro- and active- MMP-2 or MMP-9. Representative image of 3 independent experiments.

See also Figure S2.
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Figure 3. Delta viral-like particles preferentially use the metalloproteinase-dependent entry pathway in HT1080-ACE2 cells

(A and B) S processing onto purified lentiviral (LVP) and virus-like particles (VLP) was analyzed by immunoblot using an anti-S2 antibody allowing the

detection of S0 and S2. As for controls, anti-p24 and anti-N antibodies were used for LVP and VLP respectively. Representative blot of 3 independent

experiment is shown.

(C–E) VLP entry assay on 293T-ACE2, Calu-3, and HT1080-ACE2 cells pre-treated for 1 h with 25 mM Camostat, 10 mM E64days, 40 mM TAPI-2, 10 mM GIX,

20 mMMMP-2/9 inhibitor or Vehicle (DMSO). VLP entry was measured 24 h post-infection by measuring the activity of the luciferase reporter. Each bar shows

the mean of triplicate values of 3 independent experiments (n = 3) with SD. Significance was determined by ANOVA (one-way ANOVA) followed by a

Dunnett’s multiple comparisons test. P-value lower than 0.05 was used to indicate a statistically significant difference (****, p < 0.0001, ***, p < 0.001,

**, p < 0.01, *, p < 0.05).
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cleavage site is intact, this deletion abrogates S1/S2 processing (Figure 3A) (Vu et al., 2021; Liu et al., 2020;

Zou et al., 2021).

We next tested the entry of SARS-CoV-2 VLPs in 293T-ACE2, Calu-3, and HT1080 cells stably expressing

ACE2 (HT1080-ACE2). Similar to the lentiviral pseudotypes, we found that entry of VLPs harboring S with

the D614G mutation or del675-679, or those of Alpha and Delta was strongly inhibited by E64days in

293T-ACE2, and by Camostat in Calu-3 cells (Figures 3C and 3D). However, unlike lentiviral particles,

D614G and Alpha VLP entry into HT1080-ACE2 were partially sensitive to E64days, GIX and TAPI-2, while

Delta entry was dramatically decreased by GIX and TAPI-2 (Figure 3E). This suggests that Delta S prefer-

entially used the metalloproteinase-dependent pathway. In comparison, del675-679 S-mediated VLP entry

was only sensitive to E64days in both 293T-ACE2 and HT1080-ACE2 (Figures 3C and 3E). Given the broad

specificity of GIX and TAPI-2, we also tested a specific MMP-2/MMP-9 inhibitor, MMP-2/-9 Inhibitor II,

which phenocopied the broad-spectrum metalloproteinase inhibitors (Figures 3C, 3D, 3E) suggesting an

important role for MMP-2 and MMP-9 in this pathway. Taken together, these results confirm SARS-

CoV-2 entry via a metalloproteinase-dependent route that is enabled by S1/S2 processing.

Matrix metalloproteinases-2 and matrix metalloproteinases-9 knockdown reduces serine

protease-independent syncytia formation

The SARS-CoV-2 preferential metalloproteinase entry pathway in HT1080 cells, which express high levels of

secreted MMP-2/-9 (Figure 2C), in conjunction with the antiviral activity of the MMP-2/MMP-9 inhibitor II

(Figure 3E), strongly suggests that MMP-2 and/or MMP-9 play a role in the metalloproteinase-dependent

activation of S. To test this, we sought to knockdown expression of MMP-2 and MMP-9 and measure syn-

cytia formation. We first validated the knockdown efficiency of three Dicer substrate interfering RNAs

(DsiRNAs) for both MMP-2 and MMP-9 in HT1080-ACE2 cells by qPCR and gelatin zymography. As ex-

pected, mRNA levels, expression, and secretion of both MMP-2/9 were efficiently reduced, albeit not

completely, when transfected with their respective DsiRNAs (Figures 4A and 4B). We transfected

HT1080-ACE2 cells with the two best DsiRNAs specific for MMP-2, MMP-9, both, or a non-targeting nega-

tive control DsiRNA, followed by the transfection of plasmids encoding SARS-CoV-2 S and GFP to test met-

alloproteinase-dependent fusion (Figures 4C and 4D). Even with incomplete knockdown, we observed a

significant decrease in the extent of syncytia formation in the MMP-2 and/or MMP-9 knockdown cells

(Figures 4C and 4D). Similar results were obtained using the ZIP venus complementation cell-cell fusion

assay (Figure 4E) or 293T cells (Figure S3). Of note, we did not observe an additive effect of knockdown

of both MMP-2/-9, suggesting that there might be another S-activating metalloproteinase beside

MMP-2/MMP-9 (Figures 4C, 4D, 4E, and S3). These results strongly suggest that MMP-2 and MMP-9 are

playing roles in the metalloproteinase-dependent SARS-CoV-2 S-mediated fusion.

Metalloproteinase inhibitors block syncytia formation and reduce the replication of SARS-

CoV-2 alpha in HT1080-ACE2 cells

We next sought to validate our findings with native replicative SARS-CoV-2. Alpha was used to infect

HT1080-ACE2 cells overnight in the presence of Camostat, E64days, TAPI-2, GIX, or vehicle. The next

day, cells were fixed and stained for S protein (S) and nucleocapsid protein (N) to visualize infected cells

and cell-based ELISA was performed in parallel to quantify N levels and infection. We found that Alpha

infection of the HT1080-ACE2 cells was inhibited, albeit incompletely, in the presence of E64days, GIX,

and TAPI-2, while Camostat treatment had no effect (Figures 5A, 5B, and S4), indicating that the Alpha

infection of HT1080-ACE2 can occur via cathepsins and metalloproteases, but not serine proteases. Inter-

estingly, we also noted that infection led to the formation of large multinucleated cells in vehicle, Camostat

and even in the few E64days-treated infected cells (Figures 5A and S4). This suggested that cathepsin

inhibition decreases infection, but not S-mediated cell-cell fusion of the few infected cells. Similarly,
8 iScience 25, 105316, November 18, 2022



Figure 4. MMP-2/MMP-9 knockdown reduces the metalloproteinase-dependent syncytia formation

(A) HT1080-ACE2 cells were transfected with the indicated DsiRNAs at a final concentration of 10nM, and relative mRNA levels of MMP-2 and MMP-9 were

measured by RT-qPCR. The level of actin mRNA expression in each sample was used to standardize the data, and normalization on negative control DsiRNA

gene expression was performed.

(B) Gelatin zymogram of 25 mg of protein from conditionedmedia (24 h) fromHT1080-ACE2 cells in (A), arrows indicate the pro- and active- MMP-2 or MMP-9.

Representative results of 2 independent experiments are shown.
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Figure 4. Continued

(C) Representative images of syncytia formation. HT1080-ACE2 cells were transfected with the indicated DsiRNAs alone or in combination (1:1 ratio) at a final

concentration of 10 nM for 20 h, followed by transfection with pLV-GFP and D614G spike protein. Images were taken 5 h post-transfection (n = 3). The scale

bar represents 300 mm.

(D) Quantification of GFP + surface areas (sixteen images per well) at 5 h post-transfection normalized to non-targeting negative control DsiRNA.

(E) HT1080 (effector) and HT1080-ACE2 (target) cells were transfected with DsiRNAs as described. Effector cells were then transfected with plasmids

encodingD614G spike protein and ZipV2 and target HT1080-ACE2 cells were transfected with plasmid encoding ZipV1. A day after transfection, effector and

target cells were detached and co-cultured. Bimolecular fluorescence complementation signal was acquired at 5 h of co-culture. Relative fusion is relative to

effector cells transfected with pCAGGS instead of the spike protein. Each bar shows the mean of 2-3 independent experiments done in triplicate or

quadruplicate with SD. Significance was determined by ANOVA (one-way ANOVA) followed by a Dunnett’s multiple comparisons test. p-value lower than

0.05 was used to indicate a statistically significant difference (****, p < 0.0001 and *, p < 0.05).

See also Figure S3.
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metalloproteinase inhibitors also decreased both the number of infected cells and N expression levels

(Figures 5A, 5B, and S4). However, unlike E64days, these drugs also completely blocked syncytia formation

(Figures 5A and S4), indicating that metalloproteinases facilitate both entry and cell-cell fusion during

Alpha infection. Therefore, in agreement with the VLP assays, in HT1080-ACE2 cells, a proportion of Alpha

infections proceeded in a cathepsin-dependent manner, while another proceeded in a metalloproteinase-

dependent manner.
The Omicron S does not efficiently mediate cell-cell fusion nor use the metalloproteinase-

dependent viral entry

Since its emergence and discovery, Omicron has spread rapidly worldwide and became the dominant

circulating SARS-CoV-2 variant (Viana et al., 2022). Interestingly, recent studies have reported decreased

processing of S and potential reduced activation by TMPRSS2 (Meng et al., 2022; Suzuki et al., 2022). Given

that our findings support a model by which metalloproteinase usage is dictated by S cleavage at the S1/S2

junction, we sought to investigate whether the Omicron S could be activated in a metalloproteinase-

dependent manner. We first performed cell-cell fusion assays using 293T-ACE2 cells as effector cells in

the presence or absence of TMPRSS2 expression (Figure 6A). Interestingly, we found that Omicron S medi-

ated only modest fusion in the absence of TMPRSS2, in contrast to the ancestral, D614G, Alpha, or Delta

variant S. As expected, Omicron S fusion activity was enhanced in the presence of TMPRSS2, albeit in a

slightly lower extent compared to the other SARS-CoV-2 S tested (Figure 6A). In addition, as previously re-

ported and in accordance with our model, the ratio of S2/S0 in cell lysates was reduced for Omicron when

compared to D614G (Figure 6B).

We next assessed the preferential entry route employed by Omicron S using VLPs. We found that similarly

to other SARS-CoV-2 variants, Omicron used the endosomal cathepsin-dependent pathway in 293T-ACE2

cells and the surface serine protease-dependent pathway in Calu-3 cells (Figure 6C). Usage of the serine

protease entry pathway in Calu-3 by Omicron is also supported by recent reports (Peacock et al., 2022; Boj-

kova et al., 2022). However, while 293T-ACE2 were as susceptible to D614G or Omicron VLPs, Calu-3 was

less susceptible to Omicron VLPs when compared to those harboring Alpha, D614G, and Delta S (Fig-

ure S5), suggesting that although Omicron VLPs preferred the surface serine protease pathway in

Calu-3, this pathway is not as efficiently used as VLPs harboring other variant S. Importantly, unlike the other

variants, Omicron did not use the metalloproteinase-dependent pathway in HT1080-ACE2 cells and strictly

used the endosomal route (Figure 6C), indicating a shift in protease usage by Omicron.

Given the importance of S processing for metalloproteinase activation of S, we sought to test whether Om-

icron S reduced usage of this entry pathway was solely due to inefficient S0 cleavage into S1/S2. To test this,

we generated an S chimera that contained a D614G S1 with P681R to improve processing and the S2 of

Omicron (Figure 7A) and produced VLPs. As expected, analysis of S onto VLPs revealed that the chimera

containing S1 with D614G/P618R and S2 of Omicron was processed more efficiently than Omicron S and

to a similar level as the D614G/P681 R S (Figure 7B). We next tested entry sensitivity to E64days or metal-

loprotease inhibitors in HT1080-ACE2. As expected, Omicron entry was almost completely blocked by

E64days and insensitive to metalloprotease inhibitors. Interestingly, entry by the S1 D614G/P618R and

S2 Omicron chimera was slightly reduced by metalloproteinase inhibitors and less sensitive to E64days

(Figure 7C), suggesting that although the cathepsin entry pathway was preferred, the chimera was able

to use the metalloproteinase pathway. However, entry by VLPs bearing the D614G/P618 R S was more sen-

sitive to the metalloprotease inhibitors when compared to the S1 D614G/P618R and S2 Omicron chimera
10 iScience 25, 105316, November 18, 2022
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Figure 5. Native Alpha variant infection and the cell fusion of infected cells are blocked by metalloproteinase

inhibitors in HT1080-ACE2 cells

(A) Visualization of HT1080-ACE2 syncytia formation after infection by Alpha in presence of indicated inhibitors or vehicle.

Cells were treated with Camostat (20 mM), E64days (10 mM), TAPI-2 (20 mM), GIX (10 mM), or Vehicle (DMSO) and then

infected with Alpha. After 20 h, cells were washed, blocked, and stained with anti-SARS-CoV-2 spike (S), anti-SARS-CoV-2

nucleocapsid (N) followed by staining with DAPI and fluorescently labeled secondary antibodies. Nuclei, S and N proteins

are shown in purple, red, and green respectively. Fluorescent images were acquired with an EVOS� M7000 Imaging

System. Images are representative of 3 independent experiments. Arrows point to syncytia. The scale bar represents

300 mm.

(B) SARS-CoV-2 infection quantification following infection in presence of indicated inhibitors or vehicle. 20 h post-infection,

cells were washed, blocked, permeabilized, and stained with mouse anti-SARS-CoV-2 N protein followed by an anti-mouse

IgGHRP in conjunction with SIGMAFAST�OPDdeveloping solution. Optical density (OD) at 490 nmwasmeasured. Each bar

shows the mean of triplicate values of 3 independent experiments with error bars showing SD. Significance was determined

by ANOVA (one-way ANOVA) followed by a Dunnett’s multiple comparisons test. p-value lower than 0.05 was used to

indicate a statistically significant difference (****, p < 0.0001, ***, p < 0.001, **, p < 0.01, *, p < 0.05).

See also Figure S4.
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(Figure 7C). Taken together, although S processing is necessary for metalloproteinase usage, mutations in

S2 such as those in Omicron can interfere with the viral entry pathway preference.
DISCUSSION

Previous studies have shown that SARS-CoV-1 and SARS-CoV-2 can enter cells via two distinct ACE2-

dependent pathways: a surface serine protease pathway and an endosomal cathepsin protease pathway

(Hoffmann et al., 2020b; Shang et al., 2020). Here we show that the SARS-CoV-2 wild-type and variant of

concerns (VOCs) S glycoprotein can also be triggered via metalloproteinases, specifically MMP-2 and
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Figure 6. Omicron S is not effectively triggered in a metalloproteinase-dependent manner

(A) Effector 293T cells transfected with plasmids encoding the indicated S, and ZipVenus1, were co-cultured with target 293T cells transfected with plasmids

encoding ZipVenus 2, ACE2, and TMPRSS2or empty vector. Fluorescencegeneratedby the reconstitution of ZIPVenus upon cell-cell fusionwasmeasured at 4 h of

co-culture (1:1 ratio). Bar graph shows themean of quadruplicate values of a representative experiment of 3 independent experiments with error bars showing SD.

(B) S processing in effector 293T cells was analyzed by immunoblot using an anti-S2 antibody allowing the detection of S0 and S2. As for loading control, anti-

GAPDH antibody was used. Representative image of 3 independent experiments.

(C–E) Omicron Spike VLP entry assay on (C) 293T-ACE2, (D) Calu-3, and (E) HT1080-ACE2 cells pre-treated for 1 h with 25 mM Camostat, 10 mM E64days,

40 mMTAPI-2, 10 mMGIX, 20 mMMMP-2/9 Inhibitor or Vehicle (DMSO). VLP entry was measured 24 h post-infection by measuring the activity of the luciferase

reporter. Each bar shows the mean of triplicate values ofR3 independent experiments with error bars showing SD. Significance was determined by ANOVA

(one-way ANOVA) followed by a Dunnett’s multiple comparisons test. p-value lower than 0.05 was used to indicate a statistically significant difference

(****, p < 0.0001, ***, p < 0.001, **, p < 0.01, *, p < 0.05).

See also Figure S5.
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MMP-9, for viral entry (Figure 8) and cell-cell fusion. The ability to use this entry pathway required high

expression of these proteases and proteolytic processing at the S1/S2 boundary in viral producer cells.

Accordingly, usage of this pathway by SARS-CoV-2 variants correlated with differential extents of S

processing in viral producer cells; the efficiently processed S of Delta preferentially entered via the

metalloproteinase route when available, while S of Omicron was mostly unprocessed and could not be acti-

vated via themetalloproteinase pathway. Given that metalloproteinases such asMMP-2/9 are released and

highly expressed in the context of lung damage and inflammation during severe COVID-19, this mecha-

nism of activation could play critical roles in S-mediated cytopathic effects, tropism, and overall

pathogenesis.

With previous work reporting the presence of syncytia in the lung of deceased patients with COVID-19 (Ou

et al., 2020; Bussani et al., 2020), the ability of SARS-CoV-2 S to mediate cell-to-cell fusion has been hypoth-

esized to play roles in both pathogenesis and virus cell-to-cell propagation (Bussani et al., 2020; Zhang

et al., 2021; Zeng et al., 2022). The formation of such multinucleated cells is believed to occur by the acti-

vation of SARS-CoV-2 S expressed at the cell surface of infected cells (Ding et al., 2021) and fusion with
12 iScience 25, 105316, November 18, 2022
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Figure 7. Omicron S chimera with P681R allows MMP-dependent entry

(A and B) (A) Schematics of chimeric S glycoprotein (B) Processing of chimeric S glycoprotein of virus-like particles (VLP)

was analyzed by immunoblot using an anti-S2 antibody allowing the detection of S0 and S2. As for control, anti-M

antibody was used.

(C) VLP entry assay on HT1080-ACE2 cell pre-treated for 1 h with 25 mM Camostat, 10 mM E64days, 40 mM TAPI-2, 10 mM

GIX, 20 mMMMP-2/9 inhibitor or Vehicle (DMSO). VLP entry was measured 24 h post-infection by measuring the activity of

the luciferase reporter. Each bar shows the mean of triplicate values of at least 3 independent experiments (n R 3) with

SD. Significance was determined by ANOVA (one-way ANOVA) followed by a Dunnett’s multiple comparisons test.

p-value lower than 0.05 was used to indicate a statistically significant difference (****, p < 0.0001, ***, p < 0.001, **,

p < 0.01, *, p < 0.05).
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neighboring cells expressing ACE2 and surface serine proteases such as TMPRSS2. However, the relatively

low abundance of ACE2+ and TMPRSS2+ cells in the lower airways suggests that there may be additional

factors able to activate S (Hou et al., 2020; Hikmet et al., 2020; Zou et al., 2020; Saheb Sharif-Askari et al.,

2020). TMPRSS2-independent SARS-CoV-2 S-mediated cell-cell fusion has been previously observed

in vitro and reported by other studies (Nguyen et al., 2020; Hörnich et al., 2021). Here we show that metal-

loproteinases, including MMP-2 and MMP-9, are critical factors in SARS-CoV-2 S serine protease-indepen-

dent fusion (Figures 1E, 4, and 5). More precisely, the knockdown of MMP-2 and MMP-9 reduced

S-mediated syncytia formation in the absence of serine proteases (Figure 4). In addition, Alpha infection

and replication in cells expressing high levels of MMP-2 andMMP-9 led to the substantial fusion of infected

cells that were abrogated by broad-spectrum MMP inhibitors (Figure 5). Several studies have demon-

strated increased levels of MMP-2 and MMP-9 in patients with severe COVID-19, which is associated

with disease outcomes (Avila-Mesquita et al., 2021; Gelzo et al., 2022; Ueland et al., 2020; Abers et al.,

2021). In addition, infiltrating and activated neutrophils, which are potent sources of released MMP-9,

are both associated with severe COVID-19 (Meizlish et al., 2021; Huang et al., 2020; Giamarellos-Bourboulis

et al., 2020; Schulte-Schrepping et al., 2020; Ardi et al., 2007). Our studies suggest a model by which inflam-

mation and MMP production during COVID-19 could exacerbate virus-induced cytopathic effects further

contributing to disease.
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Figure 8. Proposed model of the different SARS-CoV-2 entry pathways

SARS-CoV-2 entry is mediated by the activation of S via proteolytic cleavage by host proteases. In the cathepsin-

dependent entry pathway, SARS-CoV-2 is internalized following ACE2 binding and trafficked to endosomes where

cathepsin L can cleave and activate unprocessed S (S0) and processed S (S1/S2) for the activation of membrane fusion. In

the TMPRSS2-dependent entry pathway, S0 and S1/S2 are activated by TMPRSS2 (or other surface serine proteases such

as TMPRSS13) following ACE2 engagement, leading to membrane fusion at the cell surface. In theMMP-dependent entry

pathway, only processed S (S1/S2) is activated via MMPs following ACE2 binding allowing membrane fusion.
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In this study, we demonstrated that entry of SARS-CoV-2 lentiviral particles, virus-like particles, and

authentic Alpha variant into host cells can occur in a metalloproteinase-dependent manner

(Figures 2E, 3E, and 5B). This previously unrecognized entry pathway depended on S1/S2 processing

in the viral producer cells (Figures 2, 3, 6, and 8). Therefore, this additional entry route is specific to

SARS-CoV-2 and cannot be used by SARS-CoV-1, as SARS-CoV-1 S does not contain the critical S1/S2

furin cleavage site. Whether this additional entry pathway unique to SARS-CoV-2 played a role in its

high transmissibility remain to be determined. Multiple variants of SARS-CoV-2 have emerged since

the beginning of the COVID-19 pandemic, with each having its own sets of mutations that enhance im-

mune escape and/or transmissibility. Interestingly, variants such as Alpha, Delta, Kappa, and more

recently Omicron possess mutations within the S1/S2 furin cleavage site. Notably, Delta S harbors

the P681R mutation which improves S1/S2 processing and fitness over that of the ancestral virus and

Alpha, which possesses the P681H mutation (Arora et al., 2021; Saito et al., 2021; Mlcochova et al.,

2021; Twohig et al., 2022). Other studies, including ours, have shown that Omicron S is less efficiently

processed at the S1/S2 junction compared to ancestral S, S with a D614G mutation (Figure 6B), and those

of VOCs such as Delta (Du et al., 2022; Wang et al., 2021a). Therefore, as expected, we found that Om-

icron S mediated reduced metalloproteinase-dependent cell-cell fusion (Figure 6A). In addition, VLPs ex-

pressing Omicron S were only slightly sensitive to metalloproteinase-dependent entry. Omicron S has

three mutations near the furin cleavage site, H655Y, N679K, and P681H; however, the mechanism by

which these or other mutations alter S processing remains to be determined. Interestingly, we also found

that an increase in Omicron S processing is not sufficient for efficient usage of the metalloproteinase-

dependent entry pathway (Figure 7); suggesting that mutations in Omicron S2 likely affect recognition

and/or cleavage by MMPs. In addition, whether the inefficient use of the metalloproteinase pathway

for the activation of S to mediate viral entry and cell-cell fusion plays a role in the apparent distinct clin-

ical manifestations and tropism of Omicron is unclear (Wolter et al., 2022; Yuan et al., 2022; Lauring et al.,

2022; Meng et al., 2022; Maslo et al., 2022). Nonetheless, our findings of an additional entry

pathway suggest a potential for increased tropism in the presence of MMPs during inflammation to cells

that do not express serine proteases and could play important roles in dissemination and disease

severity.
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Yamamoto et al. recently reported a SARS-CoV-2 S-mediated metalloproteinase entry pathway in which

ADAM10 was partially involved in different cell lines (Yamamoto et al., 2022). Although we have not

directly studied a role for ADAM10 and it is still unknown if ADAM10 can cleave SARS-CoV-2 S, our find-

ings and those of Yamamoto and colleagues highlight the promiscuity of SARS-CoV-2 for host protease

activation of S and intensifies the hurdles in the usage of host protease inhibitors for therapeutic pur-

poses. In addition, previous studies on the mouse hepatitis virus (MHV), another betacoronavirus,

have reported a metalloproteinase-dependent cell-cell fusion and viral entry mechanisms (Phillips

et al., 2017), suggesting that metalloproteinases can activate multiple coronavirus S. Interestingly, unlike

S activation mediated via cathepsins or surface serine proteases, the S activation triggered via metallo-

proteinases required prior S processing at the S1/S2 junction (Figures 1D and 3E) (Yamamoto et al.,

2021). Although more work is needed to determine whether MMP-2, MMP-9, and other metalloprotei-

nases directly cleave S, the requirement for a processed S suggest that metalloproteinases can only

cleave at the S20 site. Most MMPs can cleave substrates with PXXXHy motifs in which the hydrophobic

residue is often a leucine, but MMP-2 and MMP-9 can also cleave other groups of substrates (Chen

et al., 2002; Kridel et al., 2001). For instance, Kridel et al. show that MMP-9 has a distinct preference

for Arg at both P(2) and P(1) which could represent a good match to the PSKR|S sequence of SARS-

CoV-2 S2’ site (Chen et al., 2002; Kridel et al., 2001). Further studies are required to characterize the spe-

cific roles played by the metalloproteinases and to determine the specific S cleavage site involved in the

metalloproteinase-dependent entry pathway.

Previous studies investigating immune signatures of severe COVID-19 unveiled vascular endothelial

growth factor A (VEGF-A), a disintegrin and metalloproteinases (ADAMs), and matrix metalloproteinases

(MMPs) as potential markers for severe disease progression (Syed et al., 2021b; Hardy and Fernandez-

Patron, 2021; Carapito et al., 2022). Our data indicate that increased the secretion of MMPs during severe

COVID-19 could exacerbate S-mediated cytopathic effects such as syncytia formation. Furthermore, it

could also expand tropism by allowing entry in serine protease deficient cells, and potentially even in

ACE2 deficient cells promoted by shed ACE2 induced by ADAM17 activity (Heurich et al., 2014). There-

fore, usage of the metalloproteinase pathway by current and future circulating SARS-CoV-2 variants could

have profound implications for disease severity, outcome, and potential sequelae following recovery.

Targeting MMPs, serine proteases, and cathepsins may be useful to reduce SARS-CoV-2 infection and

COVID-19 severity.
Limitations of the study

In this study, we used lentiviral pseudotypes, viral-like particles (VLPs), and native replicative SARS-CoV-2

Alpha virus to investigate the metalloproteinase-dependent entry pathway. Omicron (BA.1) S usage of

this pathway was investigated with VLPs; however, validation with native replicative virus was not con-

ducted. In addition, specific small-molecule inhibitors and mRNA knockdown were used to reveal a

role for MMP-2 and MMP-9 in the activation of SARS-CoV-2 S during cell-cell fusion and entry; however,

more work needs to be done to study direct S cleavage by these proteases and identify the specific

cleavage sites within S.
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l’Économie et Innovation (MEI). Funding was also provided by an operating grant from CIHR from the Ca-

nadian 2019 Novel Coronavirus (COVID-19) Rapid Research Funding Opportunity (FRN440388 to JDD and

GAD) and an Infrastructure Grant from CFI for the Imaging Pathogens for Knowledge Translation (ImPaKT)

Facility (#36287 to JDD and GAD). M.B. was supported by a uOttawa Centre for Infection, Immunity, and

Inflammation (CI3) scholarship. K.F. and R.P.M. were supported by Ontario Graduate Scholarships

(OGS). C.M.S. was supported by a graduate scholarship from the Natural Sciences and Engineering

Research Council of Canada and an OGS. O.EF. was supported by a Work in Biomedical Research

(WiBR) scholarship. M.C. is a Canada Research Chair in Molecular Virology and Antiviral Therapeutics

(950-232840) and a recipient of an Ontario Ministry of Research, Innovation and Science Early Researcher

Award (ER18-14-09). A.F. is a Canada Research Chair on Retroviral Entry (RCHS0235 950-232424). The fun-

ders had no role in study design, data collection, and analysis, decision to publish, or preparation of the

article.

AUTHOR CONTRIBUTIONS

GAD, JDD, andMC conceived the study. MB, GL, CF, KF, RPM, AP, AA, CMS, GAD, JDD, andMC designed

experimental approaches. MB, GL, CF, KF, RPM, AP, AA, CMS, JP, GBB, RD, YB, OEF, JYL, and MC per-

formed experiments. WLS, SM, AF provided resources. MB, GL, CF, KF, RPM, AP, AA, GAD, JDD, and

MC analyzed and interpreted results. PMG, GAD, JDD, and MC supervised the study. MB, GL, and MC

wrote the original draft. All authors have read and edited the article.

DECLARATION OF INTERESTS

The authors declare that they have no conflict of interest.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: April 6, 2022

Revised: August 5, 2022

Accepted: October 5, 2022

Published: November 18, 2022
16 iScience 25, 105316, November 18, 2022

https://doi.org/10.1016/j.isci.2022.105316


ll
OPEN ACCESS

iScience
Article
REFERENCES

Abers, M.S., Delmonte, O.M., Ricotta, E.E., Fintzi,
J., Fink, D.L., De Jesus, A.A.A., Zarember, K.A.,
Alehashemi, S., Oikonomou, V., Desai, J.V., et al.
(2021). An immune-based biomarker signature is
associated with mortality in COVID-19 patients.
JCI Insight 6, e144455. https://doi.org/10.1172/
jci.insight.144455.

Ardi, V.C., Kupriyanova, T.A., Deryugina, E.I., and
Quigley, J.P. (2007). Human neutrophils uniquely
release TIMP-free MMP-9 to provide a potent
catalytic stimulator of angiogenesis. Proc. Natl.
Acad. Sci. USA 104, 20262–20267. https://doi.
org/10.1073/pnas.0706438104.

Arora, P., Sidarovich, A., Krüger, N., Kempf, A.,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-SARS-CoV-1/SARS-CoV-2

Spike Protein S2 (1A9)

ThermoFisher Scientific Cat#MA5-35946 RRID: AB_2866558

Mouse anti-SARS-CoV-1/SARS-CoV-2

Nucleocapsid (6H3)

ThermoFisher Scientific Cat#MA5-35943 RRID: AB_2866555

Rabbit polyclonal Anti-GAPDH Abcam Cat#ab9485 RRID: AB_307275

Rabbit polyclonal Anti-HIV-1 p24 MilliporeSigma Cat#SAB3500946

Polyclonal anti-SARS Membrane protein Novus biologicals Cat#NB100-56569 RRID: AB_838837

Mouse anti-N protein antibody (clone 1C7) Bioss Antibodies Cat#bsm-41411M RRID: AB_2893114

Rabbit anti-SARS-CoV-2 spike protein (clone 007) Sino Biological Cat#40150-R007 RRID: AB_2827979

CV3-25 (Jennewein et al., 2021) N/A

Mouse anti-human TMPRSS2 antibody Bio-techne Cat#MAB107231

Alexa Fluor 647-conjugated goat

anti-mouse IgG antibody

ThermoFisher Scientific Cat#A-21235

Anti-mouse IgG HRP secondary antibody New England BioLabs Cat#7076S

Anti-rabbit IgG HRP secondary antibody New England BioLabs Cat#7074S

Donkey anti-mouse IgG Alexa Fluor Plus 488 Invitrogen Cat#A32766

Donkey anti-rabbit IgG Alexa Fluor Plus 594 Invitrogen Cat#A32754

Bacterial and virus strains

SARS-CoV-2 virus-like particles (Syed et al., 2021a) N/A

SARS-CoV-2 pseudovirus particles This paper N/A

hCoV-19/Canada/ON-SRI-2021-03/2021

(Alpha, B.1.1.7)

Dr. Samira Mubareka EPI_ISL_14890767

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s medium (DMEM) Wisent Cat#319-005-CL

Fetal bovine serum Sigma Cat#F2442

Penicillin/Streptomycin - Glutamine Wisent Cat#450-202-EL

FreeStyle 293F expression medium ThermoFisher Scientific Cat# 12338002

PBS (PBS) ThermoFischer Scientific Cat#10010023

Passive Lysis Buffer Promega Cat#E1941

Paraformaldehyde 4% Fisher Scientific AAJ19943K2

Puromycin dihydrochloride, Ultra Pure Grade VWR 97064–280

Lipofectamine RNAiMAX Thermofisher Scientific Cat#13778075

ExpiFectamine 293 transfection reagent ThermoFisher Scientific Cat# A14525

Lipofectamine LTX reagent Thermofisher Scientific Cat#15338030

JetPrime transfection reagent VWR Cat#CA89129-924

Ni-NTA agarose Invitrogen Cat#R90110

Camostat mesylate Cayman Chemical Cat#16018

GI 254023X Cayman Chemical Cat#28284

Batimastat Cayman Chemical Cat#14742

E64days MilliporeSigma Cas#324890

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MMP-2/MMP-9 Inhibitor II MilliporeSigma Cat#444249

TAPI-2 Tocris Cat#6013

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat #D2650-5X5ML

Protease/Phosphatase Inhibitor

Cocktail (100X)

New England BioLabs 5872S

X-Gal VWR CA97061-646

Formalin solution, neutral buffered, 10% MilliporeSigma HT501128-4L

DAPI Biotechne Cat. No. 5748

10% Zymogram Plus (Gelatin) protein gel Invitrogen ZY00100BOX

Clarity Western ECL Substrate Bio-RAD 170–5061

Critical commercial assays

Luciferase Assay System Promega Cat#E1500

RNeasy plus Mini kit Qiagen Cat # 74136

iScript advanced cDNA kit Bio-Rad Cat #1725036

SYBR Green master mix ThermoFisher Scientific

(Life Technologies)

Cat#4309155

Pierce BCA Protein Assay Kit Bio-Rad 23227

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216; RRID: CVCL_0063

HEK293T-ACE2 (Zhang et al., 2020) N/A

A549 ATCC Cat# CCL-185

RRID: CVCL_0023

Huh7.5 (Gobeil Odai et al., 2020) N/A

HT1080 ATCC Cat# CCL-121

RRID: CVCL_0317

HT1080-ACE2 This paper N/A

Calu-3 ATCC Cat# HTB-55

RRID: CVCL_0609

FreeStyle 293F cells ThermoFisher Scientific Cat# R79007;

RRID: CVCL_D603

Recombinant DNA

Soluble ACE2 (residues 1–615 of human ACE2) (Wrapp et al., 2020) N/A

pLENTI_hACE2_PURO Dr. Raffaele De Francesco Addgene #155295

psPAX2 Dr. Didier Trono Addgene #12260

pMDG Dr. Inder Verma Addgene #12108

pCAGGS-SARS-CoV-2-S-D614G (Gong et al., 2021) Addgene #185692

pCAGGS-SARS-CoV-2-S-P681R This paper N/A

pCAGGS-SARS-CoV-2-S-R815A This paper N/A

pCAGGS-SARS-CoV-2-S-D Furin site This paper N/A

pCAGGS-SARS-CoV-2-S-D675-679 This paper N/A

pCAGGS-SARS-CoV-2-S-Alpha (Gong et al., 2021) Addgene #185691

pCAGGS-SARS-CoV-2-S-Delta (Gong et al., 2021) Addgene #185593

pCAGGS-SARS-CoV-2-S-Omicron BA.1 (Chatterjee et al., 2022a, 2022b) Addgene #185452

pCAGGS-SARS-CoV-2-S Chimera S1:

D614G, S2: Omicron BA.1

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pCAGGS-SARS-CoV-2-S Chimera S1:

D614G, P681R, S2: Omicron BA.1

This paper N/A

pCAGGS-LTR-GFP James Cunningham, Brigham

and Women’s hospital, Boston

N/A

pLX307-TMPRSS2 This paper N/A

BiFC constructs GCN4 leucine

zipper-Venus1 (ZipV1)

(Michnick et al., 2010) N/A

BiFC constructs GCN4 leucine

zipper-Venus2 (ZipV2)

(Michnick et al., 2010) N/A

pCAGGS-SARS-CoV-2 N protein (Syed et al., 2021a) N/A

pCAGGS-SARS-CoV-2 M-IRES-E protein (Syed et al., 2021a) N/A

pCAGGS-Luc-PS9 (Syed et al., 2021a) N/A

Software and algorithms

Flow Jo v10.5.3 Flow Jo https://www.flowjo.com/

GraphPad Prism v9.0.0 Graphpad https://www.graphpad.com/

Microsoft Excel v16 Microsoft Office https://www.microsoft.com/en-ca/microsoft-365/excel

BioRender BioRender http://biorender.com/

Image Lab Bio-Rad https://www.bio-rad.com/fr-ca/product/

image-lab-software?ID=KRE6P5E8Z

LightCycler 480 Software Roche https://lifescience.roche.com/en_ca/products/

lightcycler14301-480-software-version-15.html

ImageJ ImageJ https://imagej.nih.gov

Imager Software Agilent https://www.agilent.com/en/product/cell-analysis/

cell-imaging-microscopy/cell-imaging-microscopy-software/

biotek-gen5-software-for-imaging-microscopy-1623226

Other

Biotek Synergy Neo2 plate reader Biotek N/A

Bio-Rad CFX96� RT-PCR system Bio-Rad N/A

Incucyte-Zoom EssenBioscience N/A

Synergy LX multi-mode reader

and Gen5 microplate reader

Biotek N/A

BD LSRFortessa BD Biosciences N/A

LightCycler 480 instrument Roche N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Marceline Côté (Marceline.cote@uottawa.ca).
Materials availability

All materials generated in this study are available upon request. Some of the plasmids generated in this

study have been deposited to Addgene (see key resources table).

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines, inhibitors, and antibodies

HEK293T (ATCC), HEK293T-ACE2 (kind gift of Hyeryun Choe, Scripps Research), A549 cells (ATCC), Huh7.5

cells, HT1080 cells (ATCC) and Calu-3 (ATCC) were cultured in Dulbecco’s Minimum Essential Medium

(DMEM) supplemented with 10% fetal bovine serum (FBS, Sigma), 100 U/mL penicillin, 100 mg/mL strepto-

mycin, and 0.3 mg/mL L-glutamine. HT1080 cells stably expressing ACE2 were generated by infection with

lentiviral particles generated with psPAX2, pMDG and pLENTI_hACE2_PURO (gift from Raffaele De Fran-

cesco (Addgene plasmid # 155295)) and selection of a polyclonal HT1080-ACE2 cells using 2 mg/mL puro-

mycin. Cells were maintained at 37�C, 5% CO2 and 100% relative humidity.

The inhibitors Camostat mesylate, GI 254023X and Batimastat were purchased from Cayman Chemical.

E64days and MMP-2/MMP-9 Inhibitor II were from MilliporeSigma and TAPI-2 from Tocris.

The monoclonal antibodies SARS-CoV-1/SARS-CoV-2 Spike Protein S2 (1A9) and SARS-CoV-1/SARS-CoV-

2 Nucleocapsid (6H3) were purchased from ThermoFisher Scientific. The rabbit polyclonal Anti-GAPDH

antibody were purchased from Abcam. The rabbit polyclonal Anti-HIV-1 p24 antibody was purchased

from MilliporeSigma. The mouse anti-N protein antibody (clone 1C7) was purchased from Bioss Anti-

bodies, and the rabbit anti-SARS-CoV-2 spike protein (clone 007) antibody, was purchased from Sino Bio-

logical. Polyclonal SARS Membrane protein antibody was acquired from Novus Biologicals.

METHOD DETAILS

SARS-CoV-2 spike cloning and mutagenesis

The Spike gene sequence from the severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1

(NC_045512.2) was codon optimized (GeneArt, ThermoFisher) and gene blocks with overlapping se-

quences were synthesized by Bio Basic Inc (Markham, ON, Canada). The full gene, untagged or with an

N-terminal FLAG tag, was reconstituted by Gibson assembly, amplified by PCR, and cloned in pCAGGS.

Untagged S mutants (D614G, P681R, R815A, and D Furin site (deletion of arginine 682, 683 and 685),

D675-679, and variants (Alpha, Delta, Omicron BA.1) were generated by overlapping PCR and described

elsewhere (Tauzin et al., 2022, Chatterjee et al., 2022a, 2022b; Gong et al., 2021). Chimeras D614G/Omicron

and D614G, P681R/Omicron were generated by restriction digestion and ligation of S1/S2 gene fragments.

Soluble ACE2 expression and purification

FreeStyle 293F cells (Invitrogen) were grown in FreeStyle 293F medium (Invitrogen) to a density of 1 3 106

cells/mL at 37�Cwith 8%CO2with regular agitation (150 rpm). Cells were transfected with a plasmid coding

for His (8) Tagged-ACE2 ectodomain (residues 1–615; (Wrapp et al., 2020)) using ExpiFectamine 293 trans-

fection reagent, as directed by the manufacturer (Invitrogen). One week later, cells were pelleted and dis-

carded. Supernatants were filtered using a 0.22 mm filter (Thermo Fisher Scientific). The soluble ACE2

(sACE2) was purified by nickel affinity columns, as directed by the manufacturer (Invitrogen). The sACE2

preparations were dialyzed against PBS (PBS) and stored in aliquots at �80�C until further use. To assess

purity, recombinant proteins were resolved by SDS-PAGE and stained with Coomassie Blue.

Fusion assays

For the syncytium formation assay HEK293T, HEK293T-ACE2, and HT1080-ACE2 cells were seeded in

24-well plates and grown to approximately 80% confluency. Cells were then transiently transfected with

plasmid DNA encoding LTR-GFP (kind gift of James Cunningham, Brigham and Women’s Hospital, Bos-

ton), FLAG-SARS-CoV-2 S WT or indicated mutants, and TMPRSS2 or pCAGGS in a 1:2:5 ratio using jet-

PRIME (Polyplus-transfection) for HEK293T and HEK293T-ACE2, or lipofectamine LTX plus (Invitrogen)

for HT1080-ACE2. Simultaneously, cells were placed in fresh complete media (DMEM supplemented

with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 0.3 mg/mL L-glutamine) with 25 mM of Camo-

stat or vehicle control DMSO. 24 h post transfection, cells were imaged for syncytium formation using a ZOE

Fluorescent Cell Imager (Bio-Rad) and three different fields for each well were obtained.

For the cell-cell fusion assay with soluble ACE2, effector HEK293T cells were transiently transfected with

plasmid DNA encoding mCherry, and SARS-CoV-2 S and target HEK293T cells were transiently transfected

with plasmid DNA encoding GFP, TMPRSS2 or pCAGGS. 24 h post-transfection, effector and target cells

were detached with 0.53 mM EDTA in PBS and co-cultured in complete media at a 1:1 ratio in the presence
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of increasing concentrations of soluble ACE2 (0, 25, 50, 100, 150 mg/mL). Cells were imaged 10 h post-co-

culture using a ZOE Fluorescent Cell Imager (Bio-Rad).

For the ZipVenus complementation cell fusion assay, HEK293T, HT1080, or HT1080-ACE2 cells were

seeded in a 12-well microplate in complete media to achieve 70% confluency the next day. Transient trans-

fections were performed using JetPRIME (Polyplus transfection, France) for HEK293T cells and lipofect-

amine LTX plus (Invitrogen) for HT1080/HT1080-ACE2 cells, according to the manufacturer’s instructions.

Target cells were transfected with ZipV1 (0.5 mg) alone or with hACE2/pcDNA3 (0.05 mg) with or without

TMPRSS2/plX307 (0.45 mg). Effector cells population were transfected with ZipV2 (0.5 mg) and SARS-

CoV-2-S (0.125 mg). Total DNA was normalized using the empty pCAGGS vector DNA to 1 mg. Following

transfection, cells were incubated at 37�C for 24 h. Then, cells were rinsed with PBS and detached with ver-

sene (PBS, 0.53 mM EDTA) and counted. 40,000 cells/well or 20,000 cells/well of both populations of

HEK293T or HT1080 cells respectively were co-seeded in complete DMEM without phenol red in a

384-well black plate with optical clear bottom and incubated for 3 h for HEK293T cells and 5 h for

HT1080 cells at 37�C, 5% CO2. Bimolecular fluorescence complementation (BiFC) signal was acquired us-

ing Biotek SynergyNeo2 plate reader (BioTek) using monochromator set to excitation/emission of 500 and

542 nm. The original BiFC constructs GCN4 leucine zipper-Venus1 (ZipV1) and GCN4 leucine zipper-

Venus2 (ZipV2) were sourced from Stephen W. Michnick (Michnick et al., 2010).
RNA extraction, quantitative reverse transcription PCR, and analysis

Total RNA was extracted using Rneasy Mini Kit (Qiagen, 74104) according to manufacturer’s instructions.

RNA concentrations were determined using Thermo Scientific� NanoDrop 2000. cDNA was synthesized

using iScript� Reverse Transcription Supermix (Bio-Rad, 1708840) and qRT-PCR analysis was performed us-

ing SYBR Green master mix (Life Technologies) on a Bio-Rad CFX96� RT-PCR system. Primer sequences

are shown in Table S1.
Gelatin zymography

HEK293T, HEK293T-ACE2, Calu-3 and HT1080 cells were analyzed for MMP-2 and MMP-9 activity through

zymographic analysis. Cells were plated in a 6-well plate, at 70–80% confluency, media was changed

for FBS-free DMEM (conditioned media). Conditioned media were collected after 24 h, centrifuged to re-

move debris and concentrated 10X using Amicon Ultra-Centrifugal filter units with a 10 kDa cutoff

(MilliporeSigma). Total protein concentration was measured using the BCA assay (Thermo Scientific).

40 mg of protein per sample were diluted in a non-reducing sample buffer (4% SDS, 20% glycerol, 0.01%

bromophenol blue, 125 mM Tris-HCl, pH 6.8) and loaded to a 10% Zymogram Plus (Gelatin) protein gel

from Invitrogen. Following electrophoresis, gels were washed twice for 30 min in washing buffer (2.5%

Triton X-100, 50 mM Tris-HCl, pH 7.5, 5 mM CaCl2 and 1 mM ZnCl2) at room temperature with gentle agita-

tion. Gels were next incubated overnight at 37� in development buffer (1% Triton X-100, 50 mM Tris-HCl,

pH 7.5, 5 mM CaCl2 and 1 mM ZnCl2) to initiate enzymatic activity. Gels were stained with Coomassie Blue

0.5% for 1 h and distained with 10% acetic acid and 40% methanol before being scanned.
TMPRSS2 cell surface staining and flow cytometry analysis

Cells were detached with PBS-EDTA (0.53mM) and washed with PBS to remove excess EDTA. Cells were

incubated with PBS (mock) or mouse anti-hTMPRSS2 antibody (Bio-techne, #MAB107231, 5 mg/mL) for

1 h at 4�C. After washing the cells, Alexa Fluor 647-conjugated goat anti-mouse IgG antibody

(ThermoFisher, #A-21235, 1:500 dilution) was used as a detection antibody for 20 min at room temperature.

After washing, cells were fixed in PBS containing 2% formaldehyde and then acquired on a LSRFortessa (BD

Biosciences). Data analysis was performed using FlowJo v.10.5.3 (Tree Star).
Lentiviral pseudotype production and entry assays

HEK293T cells were transiently co-transfected with lentiviral packaging plasmid psPAX2 (gift from Didier

Trono, Addgene #12260), lentiviral vector encoding LacZ (LV-LacZ, gift from Inder Verma (Addgene

#12108) (Pfeifer et al., 2001), and a plasmid encoding the different S or VSV-G at a 1:1:1 ratio using jetPRIME

transfection reagent. The supernatant was harvested at 48, 72, and 96 h post-transfection and filtered with a

0.45 mM filter. Lentivirus particles were concentrated via ultra-centrifugation (20,000 RPM, 1.5 h, 4�C) with a

sucrose cushion (20% w/v). Viral particles were resuspended with PBS and stored at �80�C.
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Cells were seeded in 96-well plates to achieve approximately 50% confluence after 24 h. After 24 h, cells

were pre-incubated with the inhibitor(s) for 1 h diluted in the respective standard growth media with

5 mg/mL polybrene. Concentrated lentiviruses were also diluted in growth media containing polybrene

to achieve between 100 and 200 foci following infection. After 24 h incubation with virus and inhibitors, cells

were placed in fresh growth media. 72 h post-infection, cells were fixed in formalin and stained with 100 mM

X-Gal in staining solution (5 mM potassium ferrocyanide, 2 mMmagnesium chloride in PBS) and incubated

at 37�C for 16–24 h. Positive foci were manually counted using a light microscope. Inhibitor focus-forming

units (FFUs) were normalized to vehicle control.

Viral-like particle production and entry assays

SARS-CoV-2 virus-like particles (VLPs) were produced in HEK293T cells by co-transfection of CoV-2-N (1),

CoV-2-M-IRES-E (0.5), CoV-2-Spike (0.0125) and Luc-PS9 (1) (Syed et al., 2021a) at indicated ratios using jet-

PRIME transfection reagent (CoV-2-N, CoV-2-M-IRES-E and Luc-PS9 were gifts from Abdullah M. Syed and

Jennifer A. Doudna, Gladstone Institute of Data Science and Biotechnology). N protein harboring the

R203M substitution was used to enhance assembly and production of VLPs, as previously described

(Syed et al., 2022). For the Bald control, the empty vector plasmid, pCAGGS, was transfected instead of

the CoV-2-S at similar ratio. Media was changed 24 h post-transfection and supernatants were collected

at 48, 72, and 96 h post-transfection and filtered with a 0.45 mM filter. VLPs in supernatants were concen-

trated as described above for the lentivirus particles.

For VLP infection, cells were seeded in 96-well plates to achieve approximately 70% confluence the

following day. After 24 h, cells were pre-incubated with the inhibitor(s) for 1 h diluted in 2% serum growth

media with 5 mg/mL polybrene. Concentrated VLPs were also diluted in 2% serum growth media containing

polybrene. After 20–24 h incubation with VLP and inhibitors, supernatant was removed, and cells were

rinsed in 1X PBS and lysed by the addition of 40 mL passive lysis buffer (Promega) followed by one

freeze-thaw cycle. A Synergy Neo2 Multi-Mode plate reader (BioTek) was used to measure the luciferase

activity of each well after the addition of 50–100 mL of reconstituted luciferase assay buffer (Promega). In-

hibitors were normalized to vehicle control.

Knockdown of MMP-2 and MMP-9

HT1080-ACE2 and HEK293T-ACE2 cells were seeded in 24-well plates to achieve 70% confluency after

4–6 h and then transfected with Lipofectamine RNAiMAX (Thermofisher) using the indicated DsiRNAs

(IDT, Table S2) at a final concentration of 10nM. Combination of DsiRNA was performed using a 1:1 ratio

to obtain a final concentration of 10 nM. After 20 h, HT1080-ACE2 and HEK293T-ACE2 were used to

perform the syncytia assay as described above, and media from another 24-well plate prepared in parallel

was changed to conditioned media for gelatin zymography. 25 mg of protein was used for gelatin zymog-

raphy of both 293T-ACE2 and HT1080-ACE2 knockdowns. Time-course imaging of the syncytia formation

was performed using an Incucyte-Zoom (EssenBioscience), and sixteen images per well were analyzed in

ImageJ to measure the percentage of green surface area over background.

Immunoblots

Cells were washed in PBS and then lysed in cold lysis buffer (1% Triton X-100, 0.1% IGEPAL CA-630, 150mM

NaCl, 50mM Tris-HCl, pH 7.5) containing protease and phosphatase inhibitors (Cell Signaling). Proteins in

cell lysates were resolved by SDS-PAGE and transferred to polyvinylidenedifluoride (PVDF) membranes.

Membranes were blocked for 1 h at RT with blocking buffer (5% skim milk powder dissolved in 25mM

Tris, pH 7.5, 150mM NaCl, and 0.1% Tween 20 [TBST]). Blots were washed in TBST and proteins were de-

tected using the indicated primary antibodies (1:1000), HRP-conjugated secondary antibodies (1:3000),

and visualized using chemiluminescence according to manufacturer protocol (Bio-Rad Clarity ECL

substrate).

Microneutralization assay using live SARS-CoV-2 alpha (B.1.1.7) variant

A previously described in vitro microneutralization assay (Ullah et al., 2021; Gasser et al., 2021) was per-

formed with modifications and using the SARS-CoV-2 alpha variant (B.1.1.7 lineage). HT1080-ACE2 cells

were cultured in DMEM supplemented with penicillin (100 U/mL), streptomycin (100 mg/mL), HEPES,

L-Glutamine (0.3 mg/mL), 10% FBS (all from Thermo Fisher Scientific) and puromycin (1 mg/mL,

InvivoGen). Twenty-four hours before infection, 2.5 3 104 HT1080 ACE2 cells were seeded per well of
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duplicate 96 well plates in puromycin-deficient DMEM and cultured overnight (37�C/5% CO2) for cell

monolayer to adhere. On the day of infection, a deep well plate was used to perform 1:2 serial dilutions

for inhibitors listed below in MEM supplemented with penicillin (100 U/mL), streptomycin (100 mg/mL),

HEPES, L-Glutamine (0.3 mg/mL), 0.12% sodium bicarbonate, 2% FBS (all from Thermo Fisher Scientific)

and 0.24% BSA (EMD Millipore Corporation). The inhibitors Camostat (range: 40–1.25 mM), TAPI-2 (range:

20–0.675 mM), GI 254023X (range: 40–1.25 mM) and E64days (range: 20–1.25 mM) were included in this assay.

MEM + 2% FBS containing DMSO at an equivalent concentration to the above inhibitor dilutions served as

the vehicle control. All media was aspirated from 96 well plates seeded with HT1080-ACE2 cells and

replaced with 100 mL appropriate inhibitor dilution (or vehicle control). Promptly, 2 3 103 TCID50/mL

SARS-CoV-2 alpha variant was prepared in a Biosafety Level 3 laboratory (ImPaKT Facility, Western Univer-

sity) and a volume corresponding to 100 TCID50 virus per well was added to wells already containing

inhibitor or vehicle diluted in media. An equivalent volume of media void of virus was added to uninfected

control wells. All wells were gently mixed and cultured overnight at 37�C, 5% CO2.

After overnight culture, media was discarded and replaced with 10% formaldehyde for >24 h to cross-link

cell monolayers. Wells were washed with PBS, permeabilized for 15 min with PBS + 0.1% Triton X-100 (BDH

Laboratory Reagents), washed again in PBS and then blocked for 1 h with PBS + 3% non-fat milk. At this

point, one plate was processed for cell-based ELISA as detailed previously (Ullah et al., 2021) to quantify

virus infection. Briefly, a mouse anti-SARS-CoV-2 nucleocapsid (N) protein primary antibody and an anti-

mouse IgG HRP secondary antibody in conjunction with SIGMAFAST�OPD developing solution (Millipore

Sigma) permitted SARS-CoV-2 infection quantification. The optical density at 490 nm served as the assay

readout and was measured using a Synergy LXmulti-mode reader and Gen5 microplate reader and imager

software (Agilent).

In parallel and after blocking, the second plate was incubated for 1 h with a primary antibody solution

formulated in PBS + 1% non-fat milk containing both mouse anti-N protein (1 mg/mL, clone 1C7) and rabbit

anti-SARS-CoV-2 spike protein (1:500 dilution, clone 007) antibodies. Extensive washing with PBS ensued,

followed by a 45-min incubation with donkey anti-mouse IgG Alexa Fluor Plus 488 (1 mg/mL, Invitrogen),

donkey anti-rabbit IgG Alexa Fluor Plus 594 (2 mg/mL, Invitrogen) antibodies and DAPI (1:1000, Millipore

Sigma) in PBS + 0.5% BSA consisting of. All wells were then washed three times in PBS, monolayers

were covered with minimal PBS and fluorescence images were acquired with an EVOS� M7000 Imaging

System (Invitrogen).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean G SD of the mean (SD). Significance was determined by ANOVA (one-way

ANOVA) followed by a Dunnett’s multiple comparisons test. A p value lower than 0.05 was used to indicate

a statistically significant difference ****, p < 0.0001, ***, p < 0.001, **, p < 0.01, *, p *<0.05. Statistical

analyses were performed with GraphPad Prism 9.
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