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Figure 1. The SARS-CoV-2 S multibasic cleavage site mediates entry into human airway organoids. (A) Schematic overview of SARS-CoV-2 S protein

mutants. MBCS residues are indicated in red; amino acid substitutions are indicated in green. Red arrows indicate cleavage sites. The SARS-CoV-2 S

MBCS was mutated to either remove the PRRA motif (SARS-2-Del-PRRA) or substitute the R685 site (SARS-2-R685A and R685H). (B) Comparison of S

cleavage of SARS-CoV-2 PPs and the MBCS mutants. Western blots were performed against S1 with VSV-M silver stains as a production control. (C and

D) PP infectivity of SARS-CoV-2 S and MBCS mutants on VeroE6 (C) and Calu-3 (D) cells. (E) Differentiated hAO cultures were infected with

concentrated SARS-CoV-2 PPs containing a GFP reporter, indicated in green. Scale bar indicates 20 mm. (F) SARS-CoV-2 PP and MBCS mutant

infectivity on bronchiolar hAO cultures. One-way ANOVA was performed for statistical analysis comparing all groups with SARS-CoV-2 PPs. Experiments

were performed in triplicate (B and D, F). Representative experiments from at least two independent experiments are shown (C and D). Combined data

from three independent experiments is shown (F). Error bars indicate SEM. *p<0.05. GFP, green fluorescent protein; hAO, human airway

organoid; MBCS, multibasic cleavage site; PP, pseudoparticles; RBD, receptor binding domain; RBM, receptor binding motif.
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Figure 1—figure supplement 1. hAO cultures grown at 2D air–liquid interface are well-differentiated and express ACE2 and TMPRSS2. (A, B, and C)

Immunofluorescent or immunohistochemistry staining of differentiated airway cultures. Anti-AcTub (green) and anti-FOXJ1 (white) stains ciliated cells

(A), anti-SCGB1A1 (magenta) stains club cells (B), and anti-MUC5AC (yellow) stains goblet cells (C). Nuclei are stained with hoechst (blue). (D and E)

hAO cultures also expressed the SARS-CoV-2 entry receptor ACE2 (D) and TMPRSS2 (E). Hematoxylin was used as a counterstain in (D) and (E). Scale

bars indicate 20 mm. Representative images are shown from a bronchiolar culture. ACE2, angiotensin-converting enzyme 2; hAO, human airway

organoid; TMPRSS2, transmembrane protease serine 2.
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Figure 2. SARS-CoV-2 enters faster on Calu-3 cells than SARS-CoV and entry speed is increased by the multibasic cleavage site. (A) SARS-CoV PP and

SARS-CoV-2 PP infectivity on VeroE6 and Calu-3 cells. (B and C) SARS-CoV PP and SARS-CoV-2 PP entry route on Calu-3 cells. Cells were pretreated

Figure 2 continued on next page
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Figure 2 continued

with a concentration range of camostat (B) or E64D (C) to inhibit serine proteases and cathepsins, respectively. T-test was performed for statistical

analysis at the highest concentration. *p<0.05. (D and E) SARS-CoV PP, SARS-CoV-2 PP (D) and authentic virus (E) entry speed on Calu-3 cells. T-test

was performed for statistical analysis at the latest time point. *p<0.05. (F) Schematic overview of SARS-CoV S protein mutants. MBCS residues are

indicated in red. The SARS-CoV-2 PRRA motif was inserted into SARS-CoV PPs (SARS-PRRA). (G) Comparison of S1 cleavage of SARS-CoV PP and the

MBCS mutant. VSV-M silver stains are shown as a production control. (H and I) SARS-CoV PP, SARS-PRRA PP, and SARS-CoV-2 PP entry route on Calu-3

cells. Cells were pretreated with a concentration range of camostat (H) or E64D (I) to inhibit plasma membrane and endosomal entry, respectively. One-

way ANOVA was performed for statistical analysis comparing all groups with SARS-CoV PPs at the highest concentration. *p<0.05. (J and K) Entry

speed on Calu-3 cells of SARS-CoV PPs compared with SARS-PRRA PPs (J) and SARS-CoV-2 PPs compared with SARS-2-Del-PRRA PPs (K). T-test was

performed for statistical analysis at the latest time point. *p<0.05. Experiments were performed in triplicate (A–E, H–K). Representative experiments

from at least two independent experiments are shown. Error bars indicate SD. ANOVA, analysis of variance; MBCS, multibasic cleavage

site; PP, pseudoparticles.
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Figure 2—figure supplement 1. SARS-CoV PP infectivity into Calu-3 cells is not altered by the insertion of the

multibasic cleavage site. Titrations of SARS-CoV PPs and SARS-PRRA PPs on Calu-3 cells. Error bars indicate SEM.

A representative experiment in triplicate from three independent experiments is shown. PP, pseudoparticles.
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Figure 3. The SARS-CoV-2 multibasic cleavage site facilitates cell–cell fusion and SARS-CoV-2 is more fusogenic than SARS-CoV on human airway

organoids. (A) Proteolytic cleavage of SARS-CoV-2 S, SARS-CoV S, and S mutants was assessed by overexpression in HEK-293T cells and subsequent

western blots for S1. GAPDH was used as a loading control. Asterisk indicates an unspecific band. (B and C) Fusogenicity of SARS-CoV-2 S, SARS-CoV

S, and S mutants was assessed after 18 hr by counting the number of nuclei per syncytium (B) and by measuring the sum of all GFP+ pixels per well (C).

Statistical analysis was performed by one-way ANOVA on SARS-CoV or SARS-CoV-2 S-mediated fusion compared with its respective mutants. *p<0.05

(C). (D) Differentiated bronchiolar hAO cultures were infected at an MOI of 1 with SARS-CoV or SARS-CoV-2. Seventy-two hours postinfection they were

fixed and stained for nucleoprotein (NP; green) and tight junctions (ZO1; red) to image syncytia. Nuclei were stained with hoechst (blue). Scale bars

Figure 3 continued on next page
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Figure 3 continued

indicate 20 mm. Arrows indicate syncytial cells. (E) Percentage of syncytial cells of total number of infected cells per field of 0.1 mm2. Five fields were

counted. T-test was performed for statistical analysis. *p<0.05. Experiments were performed in triplicate (C). Representative experiments from at least

two independent experiments are shown. Error bars indicate SEM. hAO, human airway organoids; H p.i., hours postinfection; MOI, multiplicity of

infection; n.d., not detected.
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Figure 3—figure supplement 1. A GFP complementation based assay for assessing coronavirus fusogenicity. (A) HEK-293T cells expressing an empty

vector or S protein together with GFP-11-tagged beta-actin and a BFP containing a nuclear localization signal were added to cells stably expressing

GFP1-10. Fusion of these two cell types allowed GFP complementation in cells expressing a nuclear BFP, facilitating easy quantification of nuclei per

syncytial cell. Unfused cells only expressed BFP in the nucleus. Fusion with VeroE6 GFP1-10 cells 18 hr after addition of the fusogenic HEK-293T is

shown as an example. (B–D) Full well scans of the complemented GFP signal 18 hr after addition of the fusogenic HEK-293T cells to Calu-3 GFP1-10 (B),

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

VeroE6 GFP1-10 (C), and VeroE6-TMPRSS2 GFP1-10 (D) cells are shown. Dashed areas are enlarged next to each well. Scale bars indicate 50 mm. (E and

F) Fusogenicity of SARS-CoV-2 S and SARS-CoV S was assessed after 18 hr by measuring the sum of all GFP+ pixels per well in VeroE6 cells (E) and

VeroE6 TMPRSS2 cells (F). Statistical analysis was performed by one-way ANOVA on SARS-CoV-2 S-mediated fusion compared with SARS-CoV S.

*p<0.05. (G) Fold change in total GFP+ pixels by TMPRSS2 overexpression in VeroE6 cells. ANOVA, analysis of variance; BFP, blue fluorescent protein;

GFP, green fluorescent protein.
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Figure 4. The SARS-CoV-2 multibasic cleavage site increases serine protease usage. (A and B) SARS-CoV PP and SARS-CoV-2 PP entry route on VeroE6

cells pretreated with a concentration range of camostat (A) or E64D (B) to inhibit serine proteases and cathepsins, respectively. (C and D) SARS-CoV PP

Figure 4 continued on next page
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Figure 4 continued

and SARS-CoV-2 PP entry route on VeroE6-TMPRSS2 cells pretreated with a concentration range of camostat (C) or E64D (D) to inhibit serine proteases

and cathepsins, respectively. T-test was performed for statistical analysis at the highest concentration. *p<0.05. (E and F) Entry route of SARS-CoV-2 PP

and MBCS mutants on VeroE6-TMPRSS2 cells pretreated with a concentration range of camostat (E) or E64D (F) to inhibit serine proteases and

cathepsins, respectively. One-way ANOVA was performed for statistical analysis comparing all groups to SARS-CoV-2 PPs at the highest concentration.

*p<0.05. (G and H) Entry route of SARS-CoV PPs and SARS-PRRA PPs on VeroE6-TMPRSS2 cells pretreated with a concentration range of camostat (G)

or E64D (H) to inhibit serine proteases and cathepsins, respectively. One-way ANOVA was performed for statistical analysis comparing all groups to

SARS-PRRA PPs at the highest concentration. *p<0.05. ANOVA, analysis of variance; MBCS, multibasic cleavage site; PP, pseudoparticles.

Representative experiments in triplicate from at least two independent experiments are shown. Error bars indicate SD.
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Figure 5. SARS-CoV-2 entry and replication are dependent on serine proteases in human airway organoids. (A and B) Differentiated bronchiolar (A) or

bronchial (B) hAO cultures were infected at an MOI of 2. Sixteen hours (A) or 24 hr (B) postinfection they were fixed and stained for viral nucleoprotein

(red). Nuclei were stained with hoechst (blue) and actin was stained using phalloidin (white). AcTub stains ciliated cells (green). Scale bars indicate 200

mm in (A) and 50 mm in (B). Representative images are shown from two independent experiments. (C–E) Replication kinetics of SARS-CoV-2 in

Figure 5 continued on next page
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Figure 5 continued

bronchiolar hAO cultures pretreated with camostat or carrier (DMSO). (C and D) TCID50 equivalents (eq.) per mL are shown in culture medium (C) and

lysed organoids (D). Circles indicate DMSO-treated organoids, whereas squares indicate camostat-treated organoids. (E) Live virus titers (TCID50/mL) in

lysed organoids. Dotted line indicates limit of detection. (F) Replication kinetics of SARS-CoV-2 in 2D tracheal air–liquid interface airway cultures

pretreated with camostat or carrier (DMSO). TCID50 eq./mL in apical washes are shown. Two-way ANOVA was performed for statistical analysis. Error

bars indicate SEM. *p<0.05. DMSO, dimethyl sulfoxide; hAO, human airway organoid; H p.i., hours postinfection; MOI, multiplicity of infection.
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