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ABSTRACT SARS-CoV-2 can enter cells after its spike protein is cleaved by either type 
II transmembrane serine proteases (TTSPs), like TMPRSS2, or cathepsins. It is now widely 
accepted that the Omicron variant uses TMPRSS2 less efficiently and instead enters 
cells via cathepsins, but these findings have yet to be verified in more relevant cell 
models. Although we could confirm efficient cathepsin-mediated entry for Omicron in 
a monkey kidney cell line, experiments with protease inhibitors showed that Omicron 
(BA.1 and XBB1.5) did not use cathepsins for entry into human airway organoids and 
instead utilized TTSPs. Likewise, CRISPR-edited intestinal organoids showed that entry of 
Omicron BA.1 relied on the expression of the serine protease TMPRSS2 but not cathepsin 
L or B. Together, these data force us to rethink the concept that Omicron has adapted to 
cathepsin-mediated entry and indicate that TTSP inhibitors should not be dismissed as 
prophylactic or therapeutic antiviral strategy against SARS-CoV-2.

IMPORTANCE Coronavirus entry relies on host proteases that activate the viral fusion 
protein, spike. These proteases determine the viral entry route, tropism, host range, and 
can be attractive drug targets. Whereas earlier studies using cell lines suggested that 
the Omicron variant of SARS-CoV-2 has changed its protease usage, from cell surface 
type II transmembrane serine proteases (TTSPs) to endosomal cathepsins, we report that 
this is not the case in human airway and intestinal organoid models, suggesting that 
host TTSP inhibition is still a viable prophylactic or therapeutic antiviral strategy against 
current SARS-CoV-2 variants and highlighting the importance of relevant human in vitro 
cell models.
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organoids, intestinal organoids, CRISPR/Cas9, coronavirus

I n late 2021, the SARS-CoV-2 Omicron variant emerged and rapidly replaced the 
Delta variant globally. Omicron contained a highly mutated spike glycoprotein, which 

shows extensive antigenic drift. In the past 2 years, Omicron has continued to evolve 
into various subvariants that antigenically have drifted even further away from the 
initial SARS-CoV-2 variants (e.g., 614D/G, Alpha, Beta, and Delta), highlighting antibody 
neutralization as a major evolutionary pressure (1–4). Besides changing antigenically, 
Omicron variants may also have changed in other ways. Several studies showed that 
Omicron infects hamsters less efficiently and is less pathogenic in these animals (5–7). 
In contrast, in humans, Omicron appears to be more transmissible, with viral loads 
comparable to previous variants (8–10).

SARS-CoV-2 enters cells after proteolytic cleavage of spike to activate it for membrane 
fusion. This step in the replication cycle is crucial for virus infectivity and, therefore, is 
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an attractive drug target. After spike contacts the target cell by binding to the recep
tor, ACE2, a motif directly adjacent to the fusion peptide in spike can be cleaved by 
either the type II transmembrane serine protease (TTSP) TMPRSS2 at the cell surface, 
or cathepsin B/L in the endosome (11, 12). Although many TTSPs can potentially be 
used when they are overexpressed (11, 13), SARS-CoV-2, as well as SARS-CoV and 
MERS-CoV, rely specifically on TMPRSS2 for entry into human intestinal organoids (12). 
In contrast, several studies have now shown that the SARS-CoV-2 Omicron (BA.1) variant 
that emerged at the end of 2021 has altered its preference for TMPRSS2 and instead 
uses endosomal cathepsins more efficiently (14–18). Multiple studies attribute the poor 
TMPRSS2 utilization of Omicron to its reduced cleavage of the S1/S2 site (also known as 
furin cleavage site), which is cleaved by the virus-producing cell. Although these findings 
have now become generally accepted (19, 20), they have yet to be verified in relevant 
cell models. This is important because drugs targeting TTSPs are promising antiviral 
therapies with a broad activity against coronaviruses and other virus families (13, 21–34) 
when administered early or prophylactically (35–39), and their dismissal could potentially 
harm further (pre-) clinical development. Therefore, we investigated which entry route 
SARS-CoV-2 Omicron takes in relevant cell models of the human airway and intestine.

RESULTS

First, we investigated whether we could confirm that Omicron has switched entry 
pathway from TMPRSS2 to cathepsins. For this purpose, we used the monkey kidney cell 
line VeroE6, which possesses an active cathepsin-mediated entry pathway (25). Human 
TMPRSS2 can be expressed in these cells to establish an active TTSP-mediated entry 
pathway. We used these cells in combination with vesicular stomatitis virus (VSV)-based 
spike pseudoviruses to determine viral infectivity in the presence and absence of 
TMPRSS2 (Fig. 1A). We confirmed that spike is efficiently expressed in our pseudoviruses, 
although to a lesser extent for Omicron BA.1 and found that Omicron BA.1 spike is poorly 
cleaved (Fig. 1B and C). Ectopic TMPRSS2 expression in target cells effectively increased 
the infectivity of 614G, Alpha, and Delta pseudoviruses but not Omicron BA.1 pseudovi
ruses (Fig. 1D). Next, we determined whether decreased TMPRSS2 usage was due to 
inefficient S1/S2 cleavage. We found that during pseudovirus production, the presence 
of 10% fetal bovine serum (FBS) resulted in a cleaved Omicron BA.1 spike; however, 
despite this, cleaved Omicron BA.1 pseudoviruses did not infect VeroE6-TMPRSS2 cells 
more efficiently than VeroE6 cells (Fig. 1E and F). We confirmed Omicron’s low utilization 
of TMPRSS2 by investigating the entry route taken by different spike pseudoviruses (Fig. 
2A). In VeroE6-TMPRSS2 cells, TMPRSS2-mediated entry was inhibited using the TTSP 
inhibitor camostat, whereas cathepsin B- and L-dependent entry was inhibited using 
E64D (Fig. 2B and C). Whereas 614G, Alpha, and Delta pseudoviruses entered these 
cells exclusively through TMPRSS2, Omicron BA.1 pseudoviruses used this entry route 
inefficiently, leading to partial cathepsin-mediated entry. In VeroE6 lacking TMPRSS2, all 
pseudotyped variants entered through the cathepsin-mediated pathway (Fig. 2D and 
E). These results confirm that Omicron BA.1 does not efficiently use TMPRSS2. We also 
confirmed earlier findings (14–16) that Omicron BA.1 was less fusogenic compared with 
earlier SARS-CoV-2 variants in a spike overexpression system (Fig. 3A through D) as well 
as a live virus fusion system using green fluorescent protein (GFP) complementation (Fig. 
3E).

Next, we determined the infectivity of Omicron BA.1 pseudoviruses on Calu-3 cells, a 
human lung epithelial cell line in which the ancestral 614G SARS-CoV-2 is known to enter 
using TMPRSS2 (40) (Fig. S1A). In these cells, Omicron BA.1 pseudovirus entry was fully 
TTSP mediated (Fig. 4A and B; Fig. S1B and C). The data indicate that the preferred SARS-
CoV-2 entry route depends on the type of cell line being used.

To confirm our findings with authentic SARS-CoV-2, we generated virus stocks on 
Calu-3 cells. We confirmed equal spike expression and observed efficient cleavage of all 
variants, including the currently dominant Omicron XBB1.5 variant (Fig. 5A; Fig. S2A and 
B; Fig. S3). Omicron BA.1 was only slightly more infectious on VeroE6-TMPRSS2 cells 
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compared to VeroE6 cells, benefitting much less from TMPRSS2 than Delta (Fig. 5B). To 
confirm that efficient S1/S2 cleavage was not a result of the readily available TMPRSS2 on 
Calu-3 cells, we passaged Delta and Omicron BA.1 once on VeroE6 or VeroE6-TMPRSS2 
cells and harvested the viruses. Regardless of the cell line used to propagate virus, spike 
cleavage of both variants remained unchanged, suggesting that TMPRSS2 is not 
essential for S1/S2 cleavage (Fig. 5C). Additionally, VeroE6 and VeroE6-TMPRSS2 Omicron 
BA.1 stocks were only slightly more infectious on VeroE6-TMPRSS2 cells compared to 
VeroE6 cells (Fig. 5D and E).

As different cell line models led to different results, we tested which entry route is 
used by Omicron and Delta authentic viruses in a more relevant cell model, human 
airway organoids. Both viruses were effectively inhibited by camostat (10 µM) but not 
E64D (10 µM). The combination of both resulted in similar kinetics as camostat alone (Fig. 
6A through C), indicating that both viruses use the TTSP but not the cathepsin-mediated 
entry pathway in these cells. These findings were reproduced in a second experiment 
using a higher camostat concentration (100 µM) (Fig. 6D through F). Next, we investiga
ted the currently dominant Omicron variant XBB1.5 (at the time of writing) and found 
that XBB1.5 infection was also inhibited by camostat in human airway organoids 
(100 µM) (Fig S3; Fig. 6G and H). These findings show that in human airway cells, Omicron 
variants still rely on a TTSP for entry. However, due to the broad activity of camostat 

FIG 1 Omicron BA.1 uses TMPRSS2 less efficiently regardless of pseudovirus spike cleavage status. (A) Graphical depiction of VSV pseudovirus production 

and subsequent infectivity assays (made with Biorender). (B) Immunoblotting of concentrated 614G, Alpha, Delta, and Omicron BA.1 pseudovirus stocks. 

(C) Quantification of blots in (B). (D) Infectivity of pseudoviruses in VeroE6 and VeroE6-TMPRSS2 cells. (E) Immunoblotting the S2 of Delta and Omicron BA.1 

pseudovirus grown in the presence or absence of 10% FBS and concentrated by high-speed centrifugation. (F) Infectivity of pseudoviruses produced in (E) in 

VeroE6 and VeroE6-TMPRSS2 cells. Groups were compared by two-way ANOVA. *P < 0.05. Error bars depict SEM. Panels D and F indicate three technical 

replicates. Panel C indicates quantification from three independent pseudovirus productions.
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against serine proteases (22) and the wide range of TTSPs expressed by airway cells (12), 
we could not determine whether Omicron specifically requires TMPRSS2 or other TTSPs.

To confirm our findings in another relevant organoid system and to simultaneously 
address whether Omicron still specifically uses TMPRSS2 for entry, we made use of a 
human intestinal organoid CRISPR/Cas9 knockout biobank that we established previ
ously (12). As a positive control, replication of both Delta and Omicron was completely 
inhibited when ACE2 was deleted (Fig. 7A and B). The deletion of TMPRSS2 had a similar 
effect to the deletion of ACE2, whereas the deletion of cathepsin L and B had no negative 
effect on replication. These findings indicate that in human intestinal cells Omicron still 
uses TMPRSS2.

DISCUSSION

For SARS-CoV-2 to enter a cell, its fusogenic spike glycoprotein needs to be proteolyti
cally activated by host proteases. Early SARS-CoV-2 variants were shown to use the TTSP-
mediated entry pathway for entry into human airway and intestinal cells, whereas 
cathepsin-mediated entry was only observed in some cell lines lacking TTSPs (12, 25, 41). 
In contrast, it is now widely accepted that the Omicron variant uses TTSPs less efficiently 
and instead enters cells via cathepsins (14–16), but this concept solely relies on data 
obtained in cell lines. Therefore, we aimed to verify this in more relevant cell models.

Here, we could replicate that Omicron indeed relied more on cathepsins for entry into 
VeroE6 cells ectopically expressing the serine protease TMPRSS2. In addition, the 
expression of TMPRSS2 did not increase the infectivity for Omicron, whereas it did for 

FIG 2 Omicron BA.1 partially utilizes the cathepsin-mediated entry pathway in VeroE6-TMPRSS2 cells, and all variants enter VeroE6 cells using the cathepsin-

mediated pathway. (A) Graphical depiction of VSV pseudovirus production and subsequent entry route assays (made with Biorender). (B and C) Percentage entry 

of pseudoviruses in VeroE6-TMPRSS2 cells pretreated with a concentration range of either E64D (B) or camostat (C). (D and E) Percentage entry of pseudoviruses 

in VeroE6 cells pretreated with a concentration range of either E64D (D) or camostat (E). Groups were compared by two-way ANOVA. *P < 0.05. Error bars depict 

SEM. Panels B–E indicate three technical replicates.

Full-Length Text Journal of Virology

August  Volume 97  Issue 8 10.1128/jvi.00851-23 4

https://doi.org/10.1128/jvi.00851-23


earlier SARS-CoV-2 variants. This confirmed earlier findings (14–16) that Omicron uses 
TMPRSS2 less efficiently, but in Calu-3 cells, Omicron still used the TTSP-mediated entry 
pathway and is not inhibited by E64D. In addition to blocking cathepsins, E64D inhibits 
cysteine proteinases and has been shown to inhibit Mouse hepatitis virus gene 1 
polyprotein processing, resulting in reduced viral replication (42). However, E64D does 
not prevent SARS-CoV-2 viral replication in Calu-3 cells or airway organoids, suggesting 
that its role in blocking SARS-CoV-2 replication is limited at the concentrations used. 
Differences in entry routes in different cell lines raise the question: Which cell line model 
represents the human situation in vivo?

To address this, we used organoid models of the human airway and intestine. This 
unambiguously showed that the Delta and Omicron BA.1 and XBB1.5 variants still rely on 
TTSPs for airway cell entry and that cathepsins B and L were not involved.

A limitation of the airway model is that it is not amenable to genetic engineer
ing using CRISPR/Cas9. Therefore, we were not able to test whether these variants 
specifically rely on TMPRSS2 in these cells. To solve this, we made use of a human 
intestinal organoid CRISPR/Cas9 knockout biobank that we established previously (12). 
Knocking out TMPRSS2 reduced viral replication of Delta and Omicron to levels similar 
to knocking out the entry receptor, ACE2, whereas deleting cathepsin L or B had no 
negative effect on replication. Our data are in line with recent findings showing that 
Omicron still relies on TMPRSS2 for replication in mice, but these findings may be murine 
specific since Omicron is human adapted and replicates poorly in mouse models (43, 
44). One publication observed limited Omicron replication in human intestinal organo
ids compared to previously circulating variants; however, we observed no dramatic 

FIG 3 Omicron BA.1 is less fusogenic compared with earlier SARS-CoV-2 variants. (A) Graphical depiction of the GFP-complementation fusion assay (made with 

Biorender). (B to D) Quantification of 614G, Alpha, Delta, and Omicron BA.1 S-mediated cell-cell fusion by measuring the sum of all GFP + pixels per well on 

VeroE6, VeroE6-TMPRSS2, and Calu-3 cells 18 h post transfer. (E) Quantification of 614G, Alpha, Delta, and Omicron BA.1 authentic virus GFP-complementation 

fusion assay on Calu-3 cells by counting the sum of all GFP + syncytia per well at 24 h p.i. Groups were compared by one-way ANOVA comparing variants to 

614G. *P < 0.05. Error bars depict SEM. Panels B−E indicate three technical replicates. A representative from at least two independent experiments is shown.
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differences in replication of Omicron BA.1 and Delta (45). In fact, Omicron has been 
shown to cause gastrointestinal symptoms in some patients (46, 47). Nonetheless, 
Omicron variants predominantly replicate in the respiratory tract; therefore, the role 
of TMPRSS2 during infection of the airway epithelium should be elucidated in future 
studies. In particular, considering that a recent Genome-wide association study () has 
identified an association with the TMPRSS2 gene and COVID-19 disease severity (48). We 
conclude that there is no solid evidence for Omicron using the cathepsin-mediated entry 
pathway in relevant human cell models, despite the fact that we could replicate that 
Omicron uses cathepsin-mediated entry in VeroE6-TMPRSS2 cells. Instead, we provide 
ample evidence that Omicron variants still rely on the TTSP-mediated entry route for 
entry into relevant human cells. This includes the currently circulating XBB.1.5 variant (at 
the time of writing). Multiple studies have characterized the replication kinetics, binding, 
and entry into primary airway cultures of recent Omicron variants, such as BA.5 and 
XBB; however, few studies have assessed the entry route utilized by these variants (49–
52). These data force us to rethink the current concept that Omicron has adapted to 
cathepsin-mediated entry and indicate that TTSP inhibitors should not be dismissed as 
prophylactic or therapeutic antiviral strategy against SARS-CoV-2.

MATERIALS AND METHODS

Cell lines

VeroE6 and Calu-3 cells were purchased from ATCC. VeroE6-TMPRSS2 cells were 
generated as described previously (25). Briefly, TMPRSS2 cDNA (Genscript, NM_005656; 
OHu13675D) was fused to a C-terminal HA tag and cloned into pQXCIH (Clontech) to 
obtain the vector used for transducing VeroE6 cells. Transduced cells were selected 
and maintained in medium containing hygromycin (Invitrogen). VeroE6 and VeroE6-
TMPRSS2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) 
supplemented with 10% fetal bovine serum (FBS), HEPES (20 mM, Lonza), sodium 
pyruvate (1 mM, Gibco), penicillin (100 IU/mL), and streptomycin (100 IU/mL) at 
37°C in a humidified CO2 incubator. Calu-3 cells (ATCC HTB-55) were maintained in 
Opti-MEM I (1×) + GlutaMAX (Gibco) supplemented with 10% FBS, penicillin (100 IU/
mL), and streptomycin (100 IU/mL) at 37°C in a humidified CO2 incubator. HEK-293T 
cells were cultured in DMEM supplemented with 10% FBS, sodium pyruvate (1 mM, 
Gibco), non-essential amino acids (1×, Lonza), penicillin (100 IU/mL), and streptomycin 
(100 IU/mL) at 37°C in a humidified CO2 incubator. TMPRSS2, GFP11, and GFP1-10 
stable cells were maintained in a medium containing hygromycin (Invitrogen), puromy
cin (Invivogen), and geneticin (Invitrogen), respectively. Cell lines were tested negative 
for mycoplasma.

FIG 4 Omicron BA.1 uses the TTSP-mediated entry route in Calu-3 cells. (A and B) Percentage entry 

of pseudoviruses in Calu-3 cells pretreated with a concentration range of either E64D (A) or camo

stat (B). Groups were compared by two-way ANOVA. Error bars depict SEM. Each panel indicates an 

experiment performed in triplicate.
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Organoids

Human adult airway stem cells were isolated from lung parenchyma as described 
previously using a protocol adapted from Sachs and colleagues (53, 54). Cells were 
differentiated using commercially available Pneumacult-ALI medium (complete base 
medium with 1× maintenance supplement; Stemcell) as described before (54). Cells were 
differentiated at the air-liquid interface for 3–4 weeks. Medium was replaced every 4–5 
days. Adult human lung tissue was obtained from non-tumor lung tissue of patients 
undergoing lung resection surgery for lung cancer. The Medical Ethical Committee of the 
Erasmus MC Rotterdam granted permission for this study (METC 2012-512).

Human ileum intestinal organoids were grown and CRISPR/Cas9 edited as described 
before (12, 55).

Plasmids

Codon-optimized SARS-CoV Wuhan-D614G, Alpha, and Delta spike expression plasmids 
(pLV) were ordered from Invivogen. The pCAGGS-Omicron expression plasmid was kindly 
provided by Dr. Berend Jan Bosch. All spike expressing plasmids contained a deletion 
of the last 19 amino acids containing the Golgi retention signal of the SARS-CoV spike 
protein. The plasmids were used for spike pseudovirus production and the GFP-comple
mentation fusion assay. The pCAGGS-β-Actin-P2A-7xGFP11-BFP plasmid was cloned into 

FIG 5 Omicron BA.1 grown on Calu-3, VeroE6, or VeroE6-TMPRSS2 cells is equally cleaved and benefits less from TMPRSS2. (A) Immunoblotting the S1 of 

Delta, Omicron BA.1, and Omicron XBB.1.5 viruses grown on Calu-3 cells. (B) Viral titers on VeroE6 and VeroE6-TMPRSS2 cells of stocks produced on Calu-3 cells. 

(C) Immunoblotting of Delta and Omicron BA.1 stocks passaged once on VeroE6 or VeroE6-TMPRSS2 cells. (D and E) Viral titers on VeroE6 and VeroE6-TMPRSS2 

cells of stocks produced on either VeroE6 (D) or VeroE6-TMPRSS2 (E) cells. Groups were compared using a two-way ANOVA. *P < 0.05. Error bars depict SEM. NP = 

nucleocapsid protein. Panels B, D–E indicate three technical replicates. Panel B is a representative from two independent experiments.
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pQCXIP and used for retrovirus production and the subsequent generation of the GFP11 
stable cells as previously described by Mykytyn et al. (25).

FIG 6 Omicron uses the TTSP-mediated entry route in air-liquid interface human airway organoids. (A and B) Replication of Delta (A) and Omicron BA.1 (B) in 

the presence of dimethyl sulfoxide (DMSO, vehicle), camostat (10 µM), E64D (10 µM), or the combination of camostat and E64D. (C) Representative images of 2 

days post infection air-liquid interface human airway organoids from panels A and B stained for nuclei with Hoechst (blue) and stained for virus nucleocapsid 

(white). (D and E) Replication of Delta (D) and Omicron BA.1 (E) in the presence of DMSO (vehicle) or camostat (100 µM). (F) Representative images of 3 days 

post infection air-liquid interface human airway organoids from panels D and E stained for nuclei with Hoechst (blue) and stained for virus nucleocapsid (white). 

(G) Replication of Omicron XBB.1.5 in the presence of DMSO (vehicle) or camostat (100 µM). (H) Representative images of 2 days post infection air-liquid interface 

human airway organoids from panel G stained for nuclei with Hoechst (blue) and stained for virus nucleocapsid (white). Groups were compared by two-way 

ANOVA. *P < 0.05. Error bars depict SEM. Panels A–B, D–E, and G indicate three technical replicates. A representative from two independent experiments is 

shown.
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Pseudovirus assays

Pseudovirus production, infectivity, and entry assays were performed as described 
before (25). Briefly, pseudoviruses were generated using spike pseudotyping vectors 
from Invivogen. Pseudoviruses were either produced in the presence of 10% FBS or 
absence of serum. To compare the titers between these, pseudoviruses were concentra
ted as described below, and medium was replaced for Opti-MEM I (1×) + GlutaMAX 
without serum. Pseudoviruses expressing 614G, Alpha, Delta, and Omicron BA.1 spike 
were titrated in triplicate by preparing 10-fold serial dilutions in Opti-MEM I (1×) + 
GlutaMAX (Gibco). Thirty microliters of each dilution were transferred to 2 × 104 VeroE6 
and VeroE6-TMPRSS2 cell monolayers or 8 × 104 Calu-3 cell monolayers in the same 
medium in a 96-well plate. The cells were incubated at 37°C overnight and then scanned 
on the Amersham Typhoon Biomolecular Imager (channel Cy2; resolution 10 µm; GE 
Healthcare). Pseudovirus entry routes were determined by pretreating VeroE6, VeroE6-
TMPRSS2, and Calu-3 cell monolayers with a concentration range of camostat mesylate 
(Sigma) or E64D (MedChemExpress) diluted in Opti-MEM I (1×) + GlutaMAX (Gibco) 
for 2 h prior to infection with approximately 1 × 103 pseudoviruses. The cells were 
incubated at 37°C overnight and scanned on the Amersham Typhoon Biomolecular 
Imager (channel Cy2; resolution 10 mm; GE Healthcare). All pseudovirus experiments 
were quantified using ImageQuant TL 8.2 image analysis software (GE Healthcare).

Pseudovirus concentration

Pseudovirus stocks were concentrated on a 10% sucrose cushion (10% sucrose, 15 mM 
Tris-HCl, 100 mM NaCl, 0.5 mM EDTA) at 20,000 × g for 1.5 h at 4°C. Supernatant was 
decanted, and particles were resuspended in Opti-MEM I (1×) + GlutaMAX to achieve a 
100-fold concentration. Particles were used either for titrations, immunoblotting, or silver 
staining.

Western blots

The expression and cleavage of spike were assessed using immunoblotting. Pseudovirus 
samples were boiled in 1× Laemmli buffer containing 5% beta mercaptoethanol for 
30 min, whereas virus stocks were boiled in 2× Laemmli buffer containing 10% beta 
mercaptoethanol for 30 min. All samples were used for dodecyl sulfate (SDS)-polyacryla
mide gel electrophoresis analysis using 10% wt/vol TGX gels (Bio-Rad). Gels were run 
in Tris-glycine-SDS buffer at 80 V for 30 min, followed by 200 V for 45 min. Transfer 
was performed at 300 mA for 1 h onto 0.45 µm Immobilon-FL PVDF membranes in 
Tris-glycine buffer containing 20% methanol. Membranes were blocked in 5% milk in PBS 
containing 1% Tween. Spike was stained using either rabbit anti-SARS-CoV S1 (1:1,000, 
Sino Biological) or mouse anti-SARS-CoV-2 S2 (1:1,000, GeneTex). VSV-N was stained with 
mouse anti-VSV-N (1:1,000, Absolute Antibody), and SARS-CoV-2 nucleocapsid protein 
was stained with rabbit anti-SARS-CoV NP (1:1,000, Sino Biological). All blots were stained 
with infrared-labeled secondary antibodies goat anti-mouse or goat anti-rabbit (1:20,000, 
Licor). Western blots were scanned on an Odyssey CLx and analyzed using Image Studio 
Lite Ver 5.2 software.

Silver staining

Quality and yield of pseudovirus productions between batches were assessed using 
either immunoblotting against VSV-N or silver stains. Boiled samples used for immuno
blotting were run on 10% wt/vol TGX gels as described above. Gels were transferred 
into ultrapure water, and silver stains were performed according to manufacturer’s 
instructions (Silver Stain for Mass Spectrometry Kit, Pierce). Images were taken on the 
Amersham AI600 (GE Healthcare).
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Viruses

SARS-CoV-2 isolates, 614G/Bavpat-1 (OM304632), Alpha (MW947280), Delta (OM287123), 
BA.1 (OM287553), and XBB1.5 (GISAID: EPI_ISL_16640568), were grown to passage 3 on 
Calu-3 (ATCC HTB-55) cells in Advanced DMEM/F12 (Gibco), supplemented with HEPES, 
Glutamax, penicillin (100 IU/mL) (AdDF+++), and streptomycin (100 IU/mL) at 37°C in a 
humidified CO2 incubator. Where indicated an additional passage was done on VeroE6 
or VeroE6-TMPRSS2 cells in the same medium. Virus isolates at passage 3 were deep 
sequenced and were confirmed to be genetically identical to the original material. 
Infections were performed at a multiplicity of infection (moi) of 0.01, and virus was 
harvested after 72 h. The culture supernatant was cleared by centrifugation at 1,000 × g 
for 5 min and stored at −80°C in aliquots.

For plaque assay titrations, virus stocks or experimental samples were thawed and 
diluted in 10-fold serial dilutions in 200 µL Opti-MEM I (1×) + GlutaMAX. Hundred 
microliters of each dilution were added to monolayers of 1 × 106 Calu-3 cells in the same 
medium in a 12-well plate. Cells were incubated with inoculums at 37°C for 4 h, and then 
medium was replaced for 1.2% Avicel (FMC biopolymers) in Opti-MEM I (1×) + GlutaMAX 
for 2 days. Next, cells were fixed in 4% formalin for 20 min, permeabilized in 70% ice-cold 
ethanol, and washed in PBS. Cells were blocked in 0.6% BSA (bovine serum albumin; 
Sigma) in PBS and stained with rabbit anti-nucleocapsid (Sino biological; 1:2,000) in PBS 
containing 0.6% BSA, washed thrice in PBS, and stained with goat anti-rabbit Alexa Fluor 
488 (Invitrogen; 1:4,000) in PBS containing 0.6% BSA. Cells were washed twice in PBS, 
and plates were scanned on the Amersham Typhoon Biomolecular Imager (channel Cy2; 
resolution 10 µm; GE Healthcare). All staining steps were performed at room temperature 
for 1 h. Plaque assay analysis was performed using ImageQuant TL 8.2 software (GE 
Healthcare). All work with infectious SARS-CoV-2 was performed in a Class II Biosafety 
Cabinet under BSL-3 conditions at Erasmus Medical Center.

SARS-CoV-2 infections

Prior to SARS-CoV-2 infection of 2D airway organoid cultures, cells were washed three 
times with AdDF+++ medium. To assess the effect of camostat mesylate (Sigma) and 
E64D (MedChemExpress) on viral replication, cultures were pretreated in the basal and 
apical compartment for 1 h with either compound or the combination of both, or 
dimethyl sulfoxide (DMSO) in the negative control at the indicated concentrations. Cells 
were incubated with inoculums for 2–4 h at 37°C in a humidified CO2 incubator at an moi 
of 0.1. Washing was performed three times at 4 h post infection in AdDF+++ after which 
a fourth wash was performed and collected as the 4 h post infection baseline.

FIG 7 Omicron relies on TMPRSS2, and not cathepsin L or B, for entry into human intestinal organoids. (A and B) Replication of Delta (A) and Omicron (B) in 

CRISPR/Cas9-edited knockout clones deleted for the indicated genes. Groups were compared by two-way ANOVA. *P < 0.05. Error bars depict SEM. Each dot 

shows data from three individual organoid wells, whereby each time point represents three independent organoid wells.
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For 2D airway organoid cultures, samples were taken at the indicated time points as 
follows: 500 µL for 12 mm inserts or 200 µL for 6.5 mm inserts of AdDF+++ was added 
to the apical side of the cells, and cells were incubated for 10 min at 37°C in a humidified 
CO2 incubator after which supernatants were pipetted up and down on the cells twice 
and transferred to a microvial. All supernatant samples were stored at −80°C until further 
processing for viral titer determinations. After collecting, for experiments with camostat 
mesylate or E64D, the basal compartment medium was replaced daily with medium 
containing fresh compound.

Intestinal organoids infection experiments were performed as described before (12).

Immunofluorescent staining

Transwell inserts with 2D airway organoids were fixed in 4% formalin, permeabilized 
in 70% ethanol, and blocked for 60 min in blocking buffer (10% filtered normal goat 
serum; MP Biomedicals) in PBS. Cells were incubated with rabbit anti-nucleocapsid 
protein (1:500; Sino biological) overnight at 4°C in blocking buffer, washed twice with 
PBS, incubated with Alexa 488-conjugated anti-rabbit IgG (1:500; Invitrogen) in blocking 
buffer for 2 h at room temperature, washed two times with PBS, incubated with Hoechst 
(ThermoFisher) for 30 min, washed twice with PBS, and mounted in Prolong Antifade 
(Invitrogen) mounting medium. Images were taken on an LSM700 confocal microscope 
using ZEN software.

Determination of virus titers using qRT-PCR

SARS-CoV-2 RNA was extracted as described previously (55), and RNA genome copies 
(E-gene) were determined by qRT-PCR. Briefly, supernatant samples were thawed and 
centrifuged at 2,000 × g (supernatant) for 3 min. A sample of 60 µL was lysed in 90 µL 
MagnaPure LC Lysis buffer (Roche) at RT for 10 min. RNA was extracted by incubating 
samples with 50 µL Agencourt AMPure XP beads (Beckman Coulter) for 15 min at 
room temperature, washing beads twice with 70% ethanol on a DynaMag-96 magnet 
(Invitrogen) and eluting in 30 µL DEPC-treated water. RNA copies per mL were deter
mined by qRT-PCR using primers targeting the E gene and comparing the Ct values to a 
counted standard curve derived from a 614G stock.

GFP complementation cell-cell fusion assays

The GFP complementation cell-cell fusion assay with transient spike protein expression 
was performed as previously described. Briefly, 1.5 µg pCAGGS-spike DNA and pCAGGS-
β-Actin-P2A-7xGFP11-BFP DNA or empty vector DNA were transfected into HEK-293T 
cells with PEI (Polysciences) in a ratio of 1:3 (DNA: PEI). Transfected HEK-293T cells were 
transferred in three technical replicates to GFP1-10 expressing VeroE6, VeroE6-TMPRSS2, 
and Calu-3 cell monolayers in a ratio of 1:80 (HEK-293T cells:GFP1-10 expressing cells). 
Cell-cell fusion events were quantified at 18 h post transfer using Amersham Typhoon 
Biomolecular Imager (channel Cy2; resolution 10 µm; GE Healthcare). Data were analyzed 
using the ImageQuant TL 8.2 image analysis software (GE Healthcare) by calculating the 
sum of all GFP + pixels per well.

For the live/authentic virus GFP complementation cell-cell fusion assay, Calu-3 cells 
expressing GFP1-10 and Calu-3 cells expressing GFP11 were seeded in a 1:1 ratio in 
96-well Cell Carrier Ultra plates (Perkin Elmer). The cells were then incubated at 37°C in 
a humidified CO2 incubator until confluent. Virus was diluted in twofold serial dilutions 
starting with 20,000 viral particles based on 8 h infectious viral titers in 200 µL Opti-MEM 
I (1×) + GlutaMAX. Hundred microliters of each dilution were added to the monolayers of 
1 × 105 Calu-3 cells. Cells were incubated with inoculums at 37°C for 24 h in a humidified 
CO2 incubator, and cells were fixed in 4% paraformaldehyde for 20 min. The cells were 
washed three times in PBS and stained for Hoechst 33343 for 30 min and washed 
again three times in PBS. Next, cells were imaged using the Opera phenix spinning disk 
confocal HCS system (Perkin Elmer) equipped with a 10× air objective (NA 0.3) and 405 
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and 488 nm solid state lasers. Hoechst and GFP were detected using 435–480 nm and 
500–550 nm emission filters, respectively. Nine fields per well were imaged covering 
approximately 50% of the individual wells. The sum of GFP positive syncytia per well 
were quantified using the Harmony software (version 4.9, Perkin Elmer). Cellular origin of 
the GFP positive areas was confirmed by eye, using the Hoechst labeled nuclei.

Statistical analysis

Statistical analysis was performed with the GraphPad Prism 9 software. Groups were 
compared by one- or two-way ANOVA, followed by a Benjamini and Hochberg (origi
nal FDR method; q = 0.05, whereby P is adjusted P-value.) multiple-comparison test, 
respectively.
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