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A B S T R A C T   

The WHO declared the official end of the SARS-CoV-2 caused public health emergency on May 5th, 2023, after 
two years in which the virus infected approximately 750 Mio individuals causing estimated up to 7 Mio deaths. 
Likely, the virus will continue to evolve in the human population as a seasonal respiratory pathogen. To now 
prevent severe infection outcomes in vulnerable individuals, effective antivirals are urgently needed to com
plement the protection provided by vaccines. SARS-CoV-2 enters its host cell via ACE2 mediated membrane 
fusion, either at the plasma membrane, if the protease TMPRSS2 is present or via the endosome, in a cathepsin 
dependent fashion. A small number of positive regulators of viral uptake were described in the literature, which 
are potentially useful targets for host directed antiviral therapy or biomarkers indicating increased or diminished 
susceptibility to infection. We identified here by cell surface proximity ligation novel proteins, required for 
efficient virion uptake. Importantly, chemical inhibition of one of these factors, SLC3A2, resulted in robust 
reduction of viral replication, to that achieved with a TMPRSS2 inhibitor. Our screen identified new host de
pendency factors for SARS-CoV-2 entry, which could be targeted by novel antiviral therapies.   

1. Introduction 

At the end of 2019 a novel SARS Coronavirus (SARS-CoV-2) entered 
the human population (Zhu et al., 2020), presumably after a zoonotic 
transfer from a yet to be identified animal source. The virus quickly 
spread globally, infected more than 750 Mio people and is responsible 
for at almost 7 million deaths (WHO, https://covid19.who.int, Dec 
2023). SARS-CoV-2 replicates in the upper and occasionally lower res
piratory tract of humans. Infections can remain asymptomatic; symp
tomatic infections manifest in a wide range: from cold-like symptoms to 
acute respiratory distress syndrome and respiratory failure (Chen et al., 
2020). 

SARS-CoV-2 virions attach to heparan sulfates on the cell surface and 
rely primarily on angiotensin converting enzyme 2 (ACE2) to enter the 
host cell (Hoffmann et al., 2020a). The entry process requires proteolytic 
activation of the SARS-CoV-2 spike (Jackson et al., 2022) (S) and either 
occurs at the cell surface, when the serin protease TMPRSS2 is expressed 
by the host cell or by endosomal uptake (Hoffmann et al., 2020a). In the 
latter case endosomal cathepsins are responsible for the cleavage of 
SARS-CoV-2 S protein, initiating fusion of viral and endosomal mem
brane (Ou et al., 2021). 

In vivo, expression of hACE2 suffices to make mice susceptible to 
SARS-CoV-2. Additional entry factors such as neuropilin 1 were identi
fied, which support ACE2 dependent entry (Daly et al., 2020). However, 
ACE2 independent entry was shown, e.g., in H522 cells. Here ACE2 
knockout did not affect the entry process, suggesting that additional 
proteins could substitute the default receptor (Puray-Chavez et al., 
2021). Along these lines, S protein mutations found in variants of 
concern, which lead to enhanced viral entry, do not augment ACE2 
binding (Hoffmann et al., 2022). This points to additional host de
pendency factors permitting or supporting the entry process of 
SARS-CoV-2. 

To identify such host factors, we here used cell surface proximity 
ligation (CSPL (Mazel-Sanchez et al., 2023)) to identify host plasma 
membrane proteins in the vicinity of attached viral spike proteins. Hits 
were validated with subsequent gain of function and loss of function 
approaches using VLP entry assays. Using chemical inhibitors of a subset 
of entry factors in virus infection assays we ultimately demonstrate that 
these host surface proteins could serve as future drug targets in antiviral 
therapy. 
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2. Results 

We previously applied cell surface proximitiy ligation (CSPL) to 
biotin-label host plasma membrane protein in the vicinity of attached 
trimeric viral ligands (Mazel-Sanchez et al., 2023). Coupled to mass 
spectrometry this strategy successfully identified TfR1 as a host entry 
factor for influenza A viruses (Mazel-Sanchez et al., 2023). Here, we 
performed CSPL on A549 cells overexpressing ACE2 and TMPRSS2 
(A549 A2T2 (Figs. S1A and B)). As molecular bait we used a stabilized 
trimeric SARS-CoV-2 S protein (Weiss et al., 2020) and fused it 
C-terminally to HRP. These proteins were produced in insect cell culture 
using a baculovirus expression system (Fig. S1C). When incubating A549 
A2T2 cells with this bait and applying its substrate biotin phenol we 
achieved biotin ligation to numerous host proteins, which were pulled 
down with streptavidin beads and analyzed by mass spectrometry 
(Fig. 1A). 

Data from three independent CSPL/MS experiments were filtered 
against the cell surface proteome atlas (Bausch-Fluck et al., 2015) and 
cross-referenced with the CRAPome library (Mellacheruvu et al., 2013) 
for contaminants frequently found in pulldown-MS experiments. As 
comparator we used pulldown data from cells incubated with trimeric 
HRP only. We also considered hits that were found in at least two out of 
three experiments (n = 55) (Fig. 1B and Table S1). Among these were 
known host entry factors of SARS-CoV-2, such as neuropilin 1 (NRP1) 
(Daly et al., 2020). The bona fide host entry receptor for SARS-CoV-2, 
ACE2, was only found enriched in one out of three experiments. 
Encouragingly, from the short list of 55 proteins about half were 
grouped into the GO cluster viral entry into host cells (GO:0046,718, red), 
virus life cycle (GO: 0019,058, green) and virus receptor activity 
(GO:0001618, blue) Fig. 1C) with false discovery rates of 7.08 × 10− 19, 
1.02 × 10− 17 and 5.32 × 10− 18, respectively. In contrast proteins that 
did not fulfill our bioinformatics selection criteria grouped into virus 
receptor activity (GO:0001618) with an FDR of 0.0067, the other two 
biological processes were not associated with this group of proteins 
(Fig. S2). We continued with a hand-picked selection of ten candidates 
indicated by a black circle in Fig. 1C (five assigned to GO:0046,718 and 
or GO:0001618, and five without such assignment). We next depleted all 
ten proteins with at least two gRNAs using CRISPR/Cas9 (Ran et al., 
2013) and subsequent single cell cloning in A549 A2T2 cells. Successful 
knockouts were confirmed by Western blot (WB) and whenever possible 
we continued with two clones, one from each gRNA approach (Fig. S3, 
selected clones are marked with an asterisk). As positive control we used 
ACE2 knockout A549 cells (based on A549 A2T2). To assess the func
tional consequences of genetic depletion of surface proteins on 
SARS-CoV-2 entry we infected knockout and control cells with 
SARS-CoV-2 S pseudotyped replication incompetent HIV based VLP 
encoding a Gaussia luciferase reporter (Ilmjarv et al., 2021). To assess 
specificity, we used in parallel VSV G pseudotyped VLP. Since the two 
VLP differ only in the surface protein, distinct effects of knockout are 
most probably related to early steps of viral replication (attachment, 
entry, fusion). The infectious dose was harmonized between 
SARS-CoV-2 S and VSV G pseudotyped VLP, as measured by the absolute 
luciferase activity. We also made sure that both VLP dilutions resulted in 
comparable absolute light units in the luciferase assay (Fig. S4). Genetic 
depletion of five out of ten proteins resulted in robust reduction of 
SARS-CoV-2 S pseudotyped VLP entry (Fig. 2A and Z-score in 2C). 
Amongst these, knockout of three target genes (ATP1B1, ADAM10 and 
SLC3A2) resulted in comparable loss of infection as knockout of ACE2 
(Fig. 2A), suggesting an important effect on VLP entry. In contrast, none 
of the five clones had a significant effect on the entry of VSV G pseu
dotyped VLP (Fig. 2B and and Z-score in 2D). Of note, we excluded those 
of the 10 candidates (Table S1) for which knockout results (Fig. S3) and 
entry assay (Fig. S5) gave inconsistent results (e.g. when two gRNA 
resulted in robust knockout but only one in a functional reduction of 
entry). 

To assess the function of the remaining five proteins in a less artificial 

overexpression cell system, we turned to Calu3 cells, which express both 
ACE2 and the serine protease TMPRSS2 (Hoffmann et al., 2020b). Since 
these cells divide poorly in cell culture, we applied a bulk knockout 
approach using lentiviral expressed CRISPR/Cas9 followed by puro
mycin selection. Knockout efficacy was confirmed by WB. Only those 
cell populations with at least 50% reduction in protein levels in the bulk 
population were used for functional assays (Figs. S6 and A) WB and B) 
quantification). Of note, the endogenous levels of the six candidates 
differed between A549 A2T2 and Calu3 cells (Fig. S6C), notably 
ADAM10 and ATP1B1 were substantially lower in A549 A2T2, while 
SLC3A2 levels were slightly higher. Knockout of all candidates except 
ATP1B1 resulted in significantly reduced entry of SARS-CoV-2 S pseu
dotyped VLP in Calu3 cells (Fig. 3), while VSV G pseudotyped VLP entry 
was not significantly affected. Notably, the knockout of EGFR, which 
only reduced the entry into A549 A2T2 cells by about 50% (with a rather 
weak Z score) had a much stronger effect in Calu3 cells, potentially in 
consequence of the generally lower levels of endogenously expressed 
ACE2 (Fig. S1B), which could make entry less efficient in Calu3 cells. 
Overall, we found a large overlap of candidate knockouts that signifi
cantly affected SARS-CoV-2 VLP entry in the two different cell lines. It 
should however be noted that the extent, to which each of these 
knockouts affects VLP entry differed between the two cell lines. This 
could be a consequence of the higher or lower ACE2 density (Fig. S1B). 
We next asked whether increasing the endogenous levels of the identi
fied entry factor candidates in host cells would positively affect VLP 
entry. Since A549 A2T2 are already highly infectable, we decided to use 
parental A549 cells and A549 cells solely overexpressing ACE2 (A549 
A2) (Fig. S1B). Additionally, we overexpressed the candidate cDNAs in 
Calu3 cells. However, in contrast to the clear affects achieved by 
knockout approaches, overexpression of the respective cDNAs by lenti
viral transduction into either A549, A549 A2 or Calu3 cells did not 
enhance VLP infection, potentially due to sufficient endogenous 
amounts of entry factors (Figs. S7–9). Overexpression of entry factors 
was confirmed by specific WB (Fig. S10). 

Some viruses downregulate their own entry receptors in infected 
host cells to avoid reinfection of the same cell during the exit process 
(Tanaka et al., 2003; Welstead et al., 2004; Lindwasser et al., 2007). We 
reasoned that a downregulation of proviral entry factors could prevent 
SARS-CoV-2 reinfection of the same cell. Protein levels for the factors 
described here were analyzed by WB 24 h post infection. Factors that 
supported SARS-CoV-2 S pseudotyped VLP entry in Calu3 cells, EGFR, 
ADAM10 and SLC3A2, were downregulated during SARS-CoV-2 infec
tion. Importantly, this downregulation was specific since alternative 
host surface proteins (PLXNB2 and ATP1B1) remained unaffected by 
virus infection (Fig. 4). 

While multiple vaccine platforms were successfully implemented 
and saved millions of lives in the Covid-19 pandemic, successful anti
viral therapy options are still limited. ADAM10 was recently identified 
as an alternative protease cleaving SARS-CoV-2 S18. For the here iden
tified most potent host entry factors ADAM10, ATP1B1 and SLC3A2 
(identified in A549 A2T2) small molecule inhibitors are commercially 
available (Table S2) (Seifert et al., 2021; Oda et al., 2010; 5; Madoux 
et al., 2016). The TMPRSS2 inhibitor Camostat was included as a posi
tive control. Using a Cell titer glo viability assay we determined the 
highest non-toxic concentration when applying it on Calu3 cells 
(Fig. S11 A-D). Cells were pretreated for 2 h with 100 μM of Camostat, 
100 μM or 500 μM of KYT0353 (LAT1-SLC3A2 inhibitor also known as 
JPH203) or 100 μM of ouabain (ATP1B1 inhibitor) and 4 h with 100 μM 
of GI254023X (ADAM10 inhibitor). The incubation time for the chem
ical compounds was determined using published data (Seifert et al., 
2021; Oda et al., 2010; 5; Madoux et al., 2016). After the incubation 
with the chemical compounds, cells were washed and infected with MOI 
1 of SARS-CoV-2 Omicron BA.1. Viral RNA copies of subgenomic E RNA 
were determined by qRT-PCR 24 h post infection (Fig. 5A–C). Treatment 
with KYT0353 at both 100 μM and 500 μM reduced the viral charge 
robustly (Fig. 5A and B), performing comparably to the TMPRSS2 
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Fig. 1. Cell surface proximity ligation. A) Pulldown of biotinylated host cell proteins on A549 A2T2 cells with streptavidin post cell surface proximity ligation. 
Streptavidin-HRP was used to probe biotinylated proteins. B) Venn diagram indicating number of proteins found in the three mass spectrometry experiments and 
their overlap in A549 A2T2 cells. 6 proteins that overlapped between the 3 experiments are: ADAM10, CD109, CD44, ITGA3, ITGA6 and ITGAV. C) Half of the hits 
found in two out of three experiments were grouped into the GO cluster for viral entry into host cells and virus receptor activity. Black circle indicates the hand- 
picked candidates. 
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Fig. 2. SARS-CoV-2 S and VSV-G pseudotyped VLP entry into A549 A2T2 KO cells. A) SARS-CoV-2 pseudotyped VLP entry in A549 A2T2 cells transduced with 
lentiviral CRISPR/Cas9 guide RNAs (2 per target). ACE2 is used as a positive control. The results are shown in relative light units to mock, Cas9 empty. The results of 
the 2 guide RNAs are pooled together. One-way ANOVA with Brown-Forsythe and Welch test was done. B) VSV-G pseudotyped VLP entry in A549 A2T2 cells 
transduced with lentiviral CRISPR/Cas9 guide RNAs (2 per target). ACE2 is used as a positive control. The results are shown in relative light units to mock, Cas9 
empty. The results of the 2 guide RNAs are pooled together. One-way ANOVA with Brown-Forsythe and Welch test was done. C) Z-score analysis depicting the effect 
of the knockout of 5 out of 10 candidates on SARS-CoV-2 S pseudotyped VLP entry. The dotted lines at − 3 and +3 are thresholds that correspond to 3 times the 
standard deviation. D) Z-score showing the effect of the knockout of 5 out of 10 protein candidates on VSV-G pseudotyped VLP entry. The dotted lines at − 3 and +3 
are thresholds that correspond to 3 times the standard deviation. 
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Fig. 3. SARS-CoV-2 S and VSV-G pseudotyped VLP entry into Calu3 KO cells. A) SARS-CoV-2 pseudotyped VLP entry in Calu3 cells transduced with lentiviral 
CRISPR/Cas9 guide RNAs (2 per target). ACE2 is used as a positive control. The results are shown in relative light units to mock, Cas9 empty. The results of the 2 
guide RNAs are pooled together. One-way ANOVA with Brown-Forsythe and Welch test was done. B) VSV-G pseudotyped VLP entry in Calu3 cells transduced with 
lentiviral CRISPR/Cas9 guide RNAs (2 per target). ACE2 is used as a positive control. The results are shown in relative light units to mock, Cas9 empty. The results of 
the 2 guide RNAs are pooled together. One-way ANOVA with Brown-Forsythe and Welch test was done. C) Z-score analysis depicting the effect of the knockout of the 
proteins on SARS-CoV-2 S pseudotyped VLP entry. The dotted lines at − 3 and +3 are thresholds that correspond to 3 times the standard deviation. D) Z-score 
showing the effect of the knockout of the proteins on VSV-G pseudotyped VLP entry. Dotted lines at − 3 and +3 are thresholds that correspond to 3 times the 
standard deviation. 
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Fig. 4. SARS-CoV-2 regulates the expression of some of the target proteins. A) Cell lysates were separated by SDS-PAGE and analyzed by Western blot depicting 
the expression of target proteins and SARS-CoV-2 N, 24 h post infection with pre-VOC B.1 and Omicron BA.1 at MOI 1. A representative blot of three independent 
experiments is shown. Equal loading was confirmed by probing for beta actin. B-G) Quantification of three independent infection experiments as shown in (A) for 
ACE2, ATP1B1, SLC3A2, ADAM10, EGFR, PLNXB2 across B to G, respectively. Statistical significance was determined with a one-way ANOVA test. 
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inhibitor Camostat (Fig. 5C). Of note, while the higher concentration of 
KYT0353 reduced viral replication below the limit of detection at 24 h 
we also observed a reduction in cell viability to 80% (Fig. S11B), sug
gesting a certain degree of toxicity. In contrast chemical inhibition of 
ADAM10 or ATP1B1 had little or no effect, respectively (Fig. 5A and C). 

In summary our data show that CSPL-identified host surface proteins 
can serve as novel antiviral drug targets for the inhibition of SARS-CoV-2 
entry. 

3. Discussion 

Over the past three years, several host factors have been described, 
which enhance SARS-CoV-2 entry. Amongst these are ADAM10 and 
ADAM17 (Jocher et al., 2022), MMP2 and MMP9 (Benlarbi et al., 2022) 
and TMPRSS13 (Stevaert et al., 2022). None of these replaces ACE2 as 
main receptor for virion entry (Bestle et al., 2020). Instead, these host 
factors promote cleavage of SARS-CoV-2 S (ADAM17) or act through a 
yet unknown but ACE2 dependent entry mechanism. TMEM106B in 
contrast was recently shown to allow ACE2 independent entry into cells 
(Baggen et al., 2023), suggesting that SARS-CoV-2 is more flexible in its 
entry mechanism than initially thought. 

We here describe the identification of five host entry factors of SARS- 
CoV-2: ATP1B1, SLC3A2, ADAM10, PLXNB2 and EGFR using an unbi
ased approach via cell surface proximity ligation. Our data hence 
confirm independently the role of ADAM10 in virus entry (Jocher et al., 
2022). 

Importantly three of the remaining four factors were already impli
cated in the entry of other human viruses. SLC3A2 was described to 
support entry of another positive strand RNA virus, HCV (Nguyen et al., 
2018), without affecting other steps of virus replication. ATP1B1 in
teracts with influenza A and B virus M2 protein, which is essential for 
acidification of the virion during entry. Knockout of the ATP1B1 gene in 
MDCK cells reduced replication of influenza A viruses, suggesting this 
host factor is required for virus entry (Mi et al., 2010). It was further 
proposed to act positively on cell to cell spread of HCMV (Cui et al., 
2011) by an unknown mechanism. Conversely, ATP1B1 induction was 
shown to upregulate innate antiviral responses via TRAF3 and TRAF6 
(Cao et al., 2021). 

EGFR was proposed as a proviral entry factor or entry receptor of a 
number of human viruses: influenza A viruses (Eierhoff et al., 2010; 
Sieben et al., 2020), HBV (Iwamoto et al., 2019), HCV (Lupberger et al., 
2011), HEV (Schrader et al., 2023), HPV (Bannach et al., 2020), ZiV 
(Sabino et al., 2021) or TGEV (Hu et al., 2018). Only for plexin B2 we did 
not find a known direct implication in the entry process or the replica
tion of other viruses. It should be pointed out, that in our hands plexin 
B2 did not play a significant role in entry of SARS-CoV-2 into Calu3 cells. 

This suggests that diverse viruses evolved convergent entry strategies 
relying of overlapping host surface proteins to overcome the host plasma 
membrane. In consequence some of these proteins might be excellent 
targets for broad-spectrum antiviral therapies. 

We previously used CSPL to identify host proteins involved in 
influenza A virus entry (Mazel-Sanchez et al., 2023). Our data here show 
that this technique could have broader implications for other viruses to 

identify host entry factors or potentially host restriction factors of entry. 
We also noticed that CSPL was substantially more reproducible using 
SARS-CoV-2 S as compared to the previously used influenza virus HA. 
Potentially this is a consequence of a more selective protein receptor use 
by SARS-CoV-2 to enter cells, while IAV tends to show rather promis
cuous receptor use (Sempere Borau and Stertz, 2021). Consequently, we 
speculate that the protein environment at the point of entry is more 
defined for SARS-CoV-2 than for IAV. 

Curiously we found that SARS-CoV-2 infection diminishes the levels 
of some proviral entry factors found here, e.g. SLC3A2 and ADAM10, 
while increasing the levels of the bona fide entry receptor ACE2 (Ghe
ware et al., 2022). In contrast plexin B2 levels remained stable during 
infection. This might suggest that the virus selectively targets a certain 
group of cell surface proteins. The mechanisms leading to these reduced 
protein levels need to be addressed in future studies, but they could be 
linked to virus induced shutoff by nsp1. We postulate that this reduction 
of host surface proteins enhancing viral entry, would be beneficial for 
the virus when exiting infected cells to avoid reinfection. 

Our data might also contribute to the ongoing search for host factors 
contributing to enhanced or reduced susceptibility of human patients 
(Bastard et al., 2020; Zhang et al., 2022). Expression levels and sequence 
variations in the here identified entry supporting factors might explain 
why some patients are more sensitive to SARS-CoV-2 infection. 

Direct antivirals against SARS-CoV-2 approved for clinical use 
include ritonavir-boosted nirmatrelvir (Paxlovid), remdesivir and mol
nupiravir (Hoffmann et al., 2020c; Ko et al., 2021). Host directed ther
apies aim mostly at a dampened inflammatory response to limit immune 
pathology (Qin et al., 2023). Currently there are no antiviral strategies 
approved that target host dependency factors, but few are in clinical 
trials (Reuschl et al., 2021; Varona et al., 2022). 

Knockout of SLC3A2 resulted in comparable reduction of VLP entry 
as ACE2 knockout. Importantly chemical targeting of SLC3A2 dimin
ished replication of recent SARS-CoV-2 strain to similar extent as that of 
the TMPRSS2 inhibitor Camostat. In complex with LAT1 SLC3A2 forms a 
well characterized heterodimeric transporter at the plasma membrane 
for large neutral amino acids (Kahlhofer and Teis, 2023). It remains to be 
elucidated if the inhibition of SARS-CoV-2 entry via chemical blocking 
of SLC3A2 relies on the presence of LAT1 or occurs in an independent 
fashion. 

Concluding, our data suggest that targeting of SLC3A2 might provide 
a new avenue of host directed antiviral therapy against SARS-CoV-2, 
either alone or in combination with other antivirals. These therapies 
are urgently needed to complement the successful vaccine approaches in 
place. 

Limitations of our study: The compounds used in Fig. 5 are not 
approved antivirals. The aim of our study was to demonstrate that a 
surface proximity ligation approach can be used to identify druggable 
surface proteins for novel antiviral therapies. At the same time a lack of 
antiviral effect of some of these compounds does not exclude that other 
inhibitors or blocking antibodies against the identified HDF could be 
exploited for antiviral therapy. We can further not rule out that the 
untested 45 surface proteins identified by CSPL contain additional HDF 
with druggable potential. Future studies will have to clarify this point. 

Fig. 5. SARS-CoV-2 replication post-treatment with chemical inhibitors of ADAM10, SLC3A2, TMPRSS2 and ATP1B1 A) Treatment of Calu3 cells with 
KYT0353 (100 μM) for 2 h or GI254023X (100 μM) for 4 h. Post incubation with inhibitor, cells were washed and infected with MOI 1 of Omicron BA.1. RT-qPCR was 
performed after RNA extraction from cell lysates collected 24 h post infection to assess for subgenomic E gene. Each dot represents a biological replicate indicated as 
relative expression to the average of the housekeeping genes, RNaseP, 18 S and GAPDH. Ordinary one-way ANOVA was performed as a statistical test. B) Treatment 
of Calu3 cells with KYT0353 at a concentration of 500 μM for 2 h. The cells were washed to remove the compound and infected with Omicron BA.1 at a MOI of 1. 
After removal of the virus inoculum, cells were washed and replaced with growth medium containing KYT0353 (500 μM). RT-qPCR was done to assess subgenomic E 
gene from cell lysates 2 h + 24 h post incubation. Each dot represents a biological replicate shown as relative expression to the average of RNaseP, 18 S and GAPDH. 
A paired T-test was performed to analyze the statistical significance between the Mock and chemical inhibition. C) Treatment of Calu3 cells with Camostat mesylate 
(100 μM) and Ouabain (10 nM) for 2 h. Post incubation, the chemical compounds were removed, cells were washed and infected with MOI 1 of Omicron BA.1. RT- 
qPCR was performed after RNA extraction from cell lysates collected 2 h + 24 h post incubation to assess for subgenomic E gene. Each dot represents a biological 
replicate indicated as relative expression to the average of the housekeeping genes, RNaseP, 18 S and GAPDH. Ordinary one-way ANOVA was performed as a 
statistical test. 
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4. Materials and methods 

4.1. Cell lines 

HEK293T (human embryonic kidney, ATCC) were cultured in DMEM 
(Dulbecco’s modified eagle medium, Gibco 10566016) A549 (adeno
carcinomic human alveolar basal epithelial cells, ATCC), A549 A2 and 
A459 A2T2 cell lines and all derived cell lines including the knockout 
and over expression cell lines, were grown in DMEM/F12 + GlutaMAX 
(Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12, Gibco 
#10565018). For the A549 and A549 A2 over expression cell lines, the 
culture medium was supplemented with 2 μg/ml of puromycin and 6 μg/ 
ml of blasticidin. Calu3 (lung epithelial adenocarcinoma cells, ATCC) 
and Calu3 derived knockout and over expression cell lines were grown 
in MEM + GlutaMAX (Gibco #41090-28) + 1x MEM non-essential 
amino acids 100X (Gibco #11140-035) + 10 mM HEPES (Gibco 
#15630-056) + 1 mM sodium pyruvate (Gibco #11360-039). Cell cul
ture media were supplemented with 10 % (v/v) heat-inactivated foetal 
bovine serum (Gibco #10270-106. Lot: 2307592) and pen-strep anti
biotics (100 U/ml penicillin and 0.1 mg/ml streptomycin, Sigma-Aldrich 
#P0781). For Calu3 knockout and over expression cell lines, the growth 
medium was supplemented with either puromycin at 4ug/ml or with 
blasticidin at 2 μg/ml. All cells were maintained in low passage at 37 ◦C 
with 5 % CO2 and 90 % humidity, absence of mycoplasma was routinely 
confirmed by PCR. 

4.2. SDS- PAGE and Western blot 

For Western blot analysis, the cells were lysed in protein lysis buffer 
(tris Hcl 1 M pH 6.8, glycerol, SDS 20 %, H2O and DTT), sonicated 10X 
(30 s on and 30 s off) at 4 ◦C and boiled at 95 ◦C for 5 min. The samples 
were separated on a 7% SDS-PAGE gel and the transfer was performed to 
nitrocellulose filter membranes 0.45 μM at 120 V for 2 h. The mem
branes were blocked by 5 % skim milk, blotted with primary antibodies 
followed by incubation with horseradish peroxidase HRP conjugated 
secondary antibodies and visualised using enhanced chemiluminescent 
reagent (#K12049-D50) from Advansta. 

4.3. Plasmids 

pLVX-IRES-Puro was purchased from Clontech (#632183). pSpCas9 
(BB)-2 A-GFP (PX458) was a gift from Feng Zhang (Addgene #48138) 
and pMD2.G and psPAX2 were a gift from Didier Trono (Addgene 
#12259 and #12260). 

4.4. Oligonucleotides for gRNA cloning and PCR primers 

All oligonucleotides were purchased from Microsynth (France). 
Guide RNAs were designed using CRISPick and cloned into LentiCRISPR 
v2 (Addgene #52961) for Calu3 cells and into pSpCas9 (BB)-2 A-GFP for 
A549 A2T2 cells (Addgene #48138). Two gRNAs were chosen to target 
each gene hence the nomenclature gRNA1 and gRNA2. 

4.5. Guide RNA (gRNA) sequences 5′-3′  

Guide RNA (gRNA) Sequences 5′-3′ 

ACE2_gRNA1_fwd CACCGTCCTGTGCAGATATTACACA 
ACE2_gRNA1_rev AAACTGTGTAATATCTGCACAGGAC 
ACE2_gRNA2_fwd CACCGCAGGATCCTTATGTGCACAA 
ACE2_gRNA2_rev AAACTTGTGCACATAAGGATCCTGC 

ALCAM_gRNA1_fwd CACCGTGTGTGCATGCTAGTAACTG 
ALCAM_gRNA1_rev AAACCAGTTACTAGCATGCACACAC 
ALCAM_gRNA2_fwd CACCGCTTACACACTGACGGATGTG 
ALCAM_gRNA2_rev AAACCACATCCGTCAGTGTGTAAGC 
ATP1B1_gRNA1_fwd CACCGGGAGACTTTAATCATGAACG 
ATP1B1_gRNA1_rev AAACCGTTCATGATTAAAGTCTCCC 

(continued on next column)  

(continued ) 

Guide RNA (gRNA) Sequences 5′-3′ 

ATP1B1_gRNA2_fwd CACCGTCCAAGGACTCATTCTTGGG 
ATP1B1_gRNA2_rev AAACCCCAAGAATGAGTCCTTGGAC 
CD44_gRNA1_fwd CACCGCTTGATGACCTCGTCCCATG 
CD44_gRNA1_rev AAACCATGGGACGAGGTCATCAAGC 
CD44_gRNA2_fwd CACCGGCAATATGTGTCATACTGGG 
CD44_gRNA2_rev AAACCCCAGTATGACACATATTGCC 
EGFR_gRNA1_fwd CACCGTGTCACCACATAATTACCTG 
EGFR_gRNA1_rev AAACCAGGTAATTATGTGGTGACAC 
EGFR_gRNA2_fwd CACCGTCTTGCCGGAATGTCAGCCG 
EGFR_gRNA2_rev AAACCGGCTGACATTCCGGCAAGAC 

EPHA2_gRNA1_fwd CACCGCAAGTTGCCAGATCCCTCCG 
EPHA2_gRNA1_rev AAACCGGAGGGATCTGGCAACTTGC 
EPHA2_gRNA2_fwd CACCGCGAGGTCACTTACCGCAAGA 
EPHA2_gRNA2_rev AAACTCTTGCGGTAAGTGACCTCGC 
ITGAV_gRNA1_fwd CACCGGGAATTGATAGCGTATCTGC 
ITGAV_gRNA1_rev AAACGCAGATACGCTATCAATTCCC 
ITGAV_gRNA2_fwd CACCGAGGCAATAGAGATTATGCCA 
ITGAV_gRNA2_rev AAACTGGCATAATCTCTATTGCCTC 
ITGB4_gRNA1_fwd CACCGCTGCGAGATCAACTACTCGG 
ITGB4_gRNA1_rev AAACCCGAGTAGTTGATCTCGCAGC 
ITGB4_gRNA2_fwd CACCGCTACTCCTATAGCTACTACG 
ITGB4_gRNA2_rev AAACCGTAGTAGCTATAGGAGTAGC 

SLC3A2_gRNA1_fwd CACCGCAGGCCCGTGAACTTAGCCG 
SLC3A2_gRNA1_rev AAACCGGCTAAGTTCACGGGCCTGC 
SLC3A2_gRNA2_fwd CACCGGCGCAGAAGTGGTGGCACAC 
SLC3A2_gRNA2_rev AAACGTGTGCCACCACTTCTGCGCC 

ADAM10_gRNA1_fwd CACCGCCCATAAATACGGTCCTCAG 
ADAM10_gRNA1_rev AAACCTGAGGACCGTATTTATGGGC 
ADAM10_gRNA2_fwd CACCGGAAGGATTCATCCAGACTCG 
ADAM10_gRNA2_rev AAACCGAGTCTGGATGAATCCTTCC 
PLXNB2_gRNA1_fwd CACCGTTCCACGGCGATATCCAGTG 
PLXNB2_gRNA1_rev AAACCACTGGATATCGCCGTGGAAC 
PLXNB2_gRNA2_fwd CACCGCACCTGGCAAAGCTTCGTAG 
PLXNB2_gRNA2_rev AAACCTACGAAGCTTTGCCAGGTGC 

NECTIN2_gRNA1_fwd CACCGGCGAGTTCAAGTGCTACCCG 
NECTIN2_gRNA1_rev AAACCGGGTAGCACTTGAACTCGCC 
NECTIN2_gRNA2_fwd CACCGACACTCACAGCGTACAGAGA 
NECTIN2_gRNA2_rev AAACTCTCTGTACGCTGTGAGTGTC  

PCR primers used for cloning to make over expression plasmids are 
indicated below.  

Primer Sequence 5′-3′ 

EPHA2_fwd GGCGCTCGAGACCATGGAGCTCCAGGCAGC 
EPHA2_rev GGCGTCTAGACTAGATGGGGATCCCCACA 
NECTIN2_fwd GCGGGAATTCATGGCCCGGGC 
NECTIN2_rev GCGGGGATCCTCACACATACATGGCC 
ITGAV_fwd GCGGGAATTCACCATGGCTTTTCCGCCGCGGC 
ITGAV_rev GCGGGGATCCTTAAGTTTCTGAGTTT 
ADAM10_fwd GCGGACCTCGAGATGGTGTTGCTGAG 
ADAM10_rev GCGGGCGGCCGCTTA  

4.6. Antibodies 

Mouse monoclonal against actin antibody (#ab49900), rabbit 
monoclonal against Adam10 antibody (#ab124695, epr5622) and rab
bit monoclonal against ACE2 antibody (#ab272500, epr24705-45) were 
purchased from Abcam. Mouse monoclonal anti-FLAG HRP antibody 
(#A8592), goat polyclonal anti-rabbit IgG HRP antibody (#A8275) and 
goat polyclonal anti-mouse IgG HRP antibody (#A5278) were pur
chased from Sigma-Aldrich. The streptavidin-HRP (#S-911) was pur
chased from Thermofisher. Rabbit polyclonal against ITGB4 (#21738-1- 
AP), mouse monoclonal against ALCAM (#67768-1-Ig), rabbit poly
clonal against PLXNB2 (#10602-1-AP), rabbit polyclonal against 
SLC3A2 (#15193-1-A), mouse monoclonal EGFR (#66455-1-Ig), mouse 
monoclonal EPHA2 (#66736-1-Ig), rabbit polyclonal ITGAV (#27096- 
1-AP) and rabbit polyclonal anti-goat IgG HRP antibody (#SA00001-4) 
were purchased from Proteintech. Rabbit polyclonal anti-ATP1B1 anti
body (#HAP012911) was purchased from Atlas antibodies. Goat 
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polyclonal against NECTIN2 antibody (#AF2229) was purchased from 
R&D Systems. Mouse monoclonal against CD44 antibody (#156-3C11) 
was purchased from Cell Signaling Technology. 

4.7. Inhibitors 

TMPRSS2 specific inhibitor Camostat mesylate (#SML0057) were 
purchased from Sigma-Aldrich. Ouabain (#1076) an ATPase inhibitor, 
KYT0353 (#5026) an inhibitor of LAT1/SLC3A2 were purchased from 
Tocris. GI254023X targeting ADAM10 (#SML0789) were purchased 
from Sigma-Aldrich. 

4.8. Recombinant proteins 

Trimeric Spike was previously described (Weiss et al., 2020). Based 
on this sequence (GenBank accession no. MN908947.3 for the original 
sequence), we added the coding sequence for HRP on the 3’ end of the 
T4foldon, connected via a GSGSG-linker and followed by a His10-tag. A 
trimerized HRP control was designed with the same T4foldon and His10 
tag. The recombinant proteins were expressed and purified at the Pro
tein core facility (CMU, University of Geneva) using the baculovirus (Sf9 
insect cells) expression system. Baculovirus were generated using a 
modified pFastBac vector encoding C-terminally tagged i) Wuhan Spike, 
ii) no protein. The proteins had a C-terminal tag composed of fused 
Wuhan Spike - HRP and a 10-histidine tag. The media containing the 
proteins was centrifuged at 4000×g for 15 min at 4 ◦C and filtered using 
0.22 μm filters. The media was concentrated and adjusted to 10 mM 
imidazole and applied on to a 5 ml His-trap FF column (Cytiva). 100 ml 
of PBS supplemented with 1 M NaCl and 10 mM Imidazole was used to 
wash the column and the column was eluted with 15 ml of elution buffer 
(1 x PBS, 200 mM NaCl, 450 mM imidazole). Proteins eluted were 
concentrated to 1 ml using AMICON 30 MWCO concentrators and 
loaded on a Size Exclusion Chromatography Superdex 200 10/300 col
umn equilibrated in PBS at 4 ◦C. Pure protein fractions were pooled, 
concentrated and flash frozen in liquid nitrogen. 

4.9. Cell surface proximity ligation assay 

A549, A549 A2, A549 A2T2 and Calu3 cells were grown in 6-well 
format and incubated with 100 μg of recombinant Spike-HRP or HRP 
alone for 60 min. Biotin phenol and H2O2 were added for 10 min to 
allow proximity ligation of biotin. Cells were quenched and lysed with 
lysis buffer (0.4 % SDS, 500 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl pH 
7.5, 1 % Triton-X100, 1 mM DTT, protease inhibitor). Biotinylated 
proteins were precipitated with streptavidin-agarose beads (Thermo
fisher #11205D) and prepared for mass spectrometry by on bead trypsin 
digest. 

4.10. Mass spectrometry 

On bead trypsin digestion was done to digest the proteins and pep
tides were analyzed by nanoLC-MSMS using an easynLC1000 (Thermo 
Fisher) coupled to a Qexactive Plus mass spectrometer (Thermo Fisher). 
Data were analyzed with Scaffold (Proteome Software) with 1 % of 
protein FDR with a 0.1 % of peptide FDR. Cell surface protein atlas was 
used to cross reference the proteins. For identification of host surface 
proteins enriched in the proximity of the Wuhan spike-HRP, the 
following cutoffs were applied: 1) 2-fold enrichment of Wuhan spike 
HRP over control HRP, 2) atleast 2 unique peptide per protein, 3) pro
teins present in less than 200 experiments out of 716 streptavidin 
dependent pulldowns in the CRAPome database. 

4.11. Generation of a KO cell line using CRISPR/Cas9 with lentiviral 
transduction for Calu3 

Subconfluent HEK293T cells in 6-well plates were transfected at a 

ratio of 1:3:4 with the following plasmids pMD2.G (vesicular stomatitis 
virus G protein (VSV G)), psPAX2 (HIV gag-pol) were a gift from Didier 
Trono (Addgene plasmid # 12,259 and #12260) and lentiCRISPRv2, a 
gift from Feng Zhang (Addgene plasmid # 52,961) (Sanjana et al., 2014) 
containing the specific gRNA (see above) with 2 μg/μl of Trans-lT LT1 
(Mirus). After 24 h, HEK293T medium was replaced with target cell 
medium. Calu3 cells were seeded in 6-well plates at a density of 50 %. 
The HEK293T supernatants containing lentiviruses to knockout the 
target protein was harvested 48 h post transfection with a syringe and 
was passed through a sterile filter of 0.45 μM and complemented with 
polybrene at 8 μg/ml. The supernatant-polybrene mix was added to 
Calu3 cells after washing the cells 1X with PBS. The supernatant con
taining lentiviruses were removed from Calu3 cells after 4 h and 
replaced with respective growth medium. At 48 h post transduction, 
Calu3 cells were split and selected with puromycin at 4 μg/ml. The 
knockout efficiency was assessed using Western blot. 

4.12. Generation of a KO cell line using CRISPR/Cas9 for A549 A2T2 

Subconfluent levels of A549 A2T2 in 6-well plates were transfected 
with 2 μg of the target protein knockout plasmids (vector backbone 
pSpCas9(BB)-2 A-GFP from Addgene #48138) (5) using FuGENE HD 
transfection reagent (Promega #E2311). 4 h post transfection, the me
dium was removed from A549 A2T2 cells and replaced with growth 
medium. 48 h post transfection, green fluorescent protein (GFP)-positive 
cells were sorted using Beckman Coulter MoFlo Astrios individually 
into 96-well plates. The efficiency of knockout was verified by western 
blotting. The cell lines transfected with an empty plasmid pSpCas9(BB)- 
2 A-GFP are indicated as Cas9 empty. 

4.13. Generation of overexpressing cell lines with lentiviral transduction 
systems 

HEK293T cells in 6-well plates, at sub confluency, were transfected 
at a ratio of 1:3:4 with the following plasmids pMD2.G (vesicular sto
matitis virus G protein (VSV G)), psPAX2 (HIV gag-pol) and over 
expression plasmids using 2 μl/μg of Trans-lT LT1 (Mirus). 24 h post 
transfection, 293 T medium was replaced with target cell medium. 
Target cells (A549, A549 A2 and Calu3) were seeded in 6-well plates. 
The HEK293T supernatants containing lentiviruses were harvested 48 h 
post transfection with a syringe and were passed through a 0.45 μm 
sterile filter. These lentiviruses were complemented with 8 μg/ml of 
polybrene. Target cells were washed 1X with PBS following transduction 
with 2 ml of lentivirus-polybrene mix. 4 h after transduction, lentivi
ruses were removed from target cells and replaced with respective 
growth medium. 48 h post transduction, target cells were split and 
selected using puromycin at 2 μg/ml for A549 and A549 A2, 4 μg/ml for 
Calu3 and blasticidin at 6 μg/ml for A549 and A549 A2 and 2 μg/ml for 
Calu3. The efficiency of over expression was verified by Western blot. 

4.14. SARS-CoV-2 Virus-like particles (VLP) production 

To generate replication incompetent, luciferase expressing VLP, 
subconfluent 100 mm dish 293 T cells were transfected with: 10 μg of 
psPAX, 5 μg of pCG1 SARS-CoV-2 Spike (6) or 2.5 μg of pMD2.G and 15 
μg of CD510B Gluc (vector backbone pCDH-CMV-MCS-EF1-Puro from 
Sanbio, Netherlands #CD510B-1) kindly provided by Fabien Abdul, 
University of Geneva, using Trans lT-LT1 transfection reagent (Mirus) 
according to manufacturer’s instructions. The supernatant containing 
SARS-CoV-2 Spike and VSV G pseudotyped VLP were harvested 48 h and 
72 h post transfection, respectively. The supernatants were cleared from 
cell debris by centrifugation (2000×g, 10 min, 4 ◦C) and were passed 
through a 0.45 μm filter attached to a syringe to remove cell debris. 
Aliquots were stored at − 80 ◦C. VLP stocks were titered on target cells to 
achieve comparable infection rates within the linear range of the lucif
erase assay. 
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4.15. Titration of SARS-CoV-2 and VSV G VLPs on Cas9 empty and 
ACE2KO cells 

Subconfluent Calu3 Cas9 empty, Calu3 ACE2KO and Calu3 
ACE2*KO in 96-well plates were transduced with different volumes of 
the both SARS-CoV-2 and VSV G VLPs. 6 h post transfection, the VLPs 
were removed from the cells, washed 2X with 300ul of PBS per well and 
replaced with appropriate growth medium. The supernatant was 
collected every 24 h until 96 h, washed 2X with PBS and replaced with 
growth medium. After the harvest, the supernatants were centrifuged at 
1500×g for 7 min. 5 μl of the supernatant was then mixed with 50 μl of 
coelenterazine (Biosynth #EC175526) on white plates and the luciferase 
activity was measured using the Dual Glo protocol on the Glomax 96- 
well microplate luminometer. 

4.16. Infection with SARS-CoV-2 VLP 

Calu3, A549, A549 A2 and A549 A2T2 were seeded to achieve 
subconfluency in 96-well plates pre-coated with poly-L-lysine. The cells 
were washed once with PBS and infected with 100 μl of SARS-CoV-2 
Spike or VSV G pseudotyped VLP per well. 6 h post-infection, the VLP 
were removed, the cells were washed twice with PBS and 100 μl of fresh 
medium (MEM + GlutaMAX (Gibco #41090-28) + 1x MEM non- 
essential amino acids 100X (Gibco #11140-035) + 10 mM HEPES 
(Gibco #315630-056) + 1 mM sodium pyruvate (Gibco #11360-039) +
10 % (v/v) heat-inactivated foetal bovine serum (Gibco #10270-106. 
Lot: 2307592) + pen-strep antibiotics (100 U/ml penicillin and 0.1 mg/ 
ml streptomycin, Sigma-Aldrich #P0781)) was added to each well. 96 h 
post-infection, the supernatants were collected and subjected to centri
fugation. The Gaussia luciferase activity was measured by adding 5 μL of 
the supernatant with 50 μL of coelenterazine (Biosynth #EC175526) on 
white plates using the Glomax 96-well microplate luminometer Prom
ega. DualGlo protocol in the Glomax software was used for the mea
surement which was at a rate of 1 s per well. 

4.17. SARS-CoV-2 virus production 

Calu3 cells were grown in 100 mm dish at sub-confluency. The cells 
were infected with an MOI of 0.01 of Omicron and pre-VOC B.1 (kindly 
provided by Prof. Isabella Eckerle) viruses for 1 h at 37 ◦C in MEM +
GlutaMAX (Gibco #41090-28) + 1x MEM non-essential amino acids 
100X (Gibco #11140-035) + 10 mM HEPES (Gibco #15630-056) + 1 
mM sodium pyruvate (Gibco #311360-039) + pen-strep antibiotics (100 
U/ml penicillin and 0.1 mg/ml streptomycin, Sigma-Aldrich #P0781) +
2% (v/v) heat-inactivated fetal bovine serum (Gibco #10270-106. Lot: 
2307592). The inoculum was removed after 1 h and fresh medium was 
added. The viral supernatants were recovered 48 h and 96 h post- 
infection for Omicron and Wuhan, respectively. The supernatants 
were centrifuged at 450×g for 5 min and stored at − 70 ◦C. 

4.18. Plaque assay to determine viral titers 

Vero E6 TMPRSS2 cells were grown to form a monolayer in 24-well 
plates. The cells were infected with 200 μl of serially diluted viruses. 
Viruses were diluted in serum free DMEM medium (Gibco #10566016). 
1 h post infection, the inoculum was removed and 2.4 % Avicel overlay 
(Dupont) was added to the cells. Cells were incubated for 96 h for both 
viruses at 37 ◦C. The overlay was removed, then cells were fixed in 4 % 
formaldehyde and the cell monolayer was stained with a solution of 
crystal violet. Plaques were counted and multiplied with the dilution 
and volume factor to determine viral titers (pfu/ml). 

4.19. Cell titer Glo cell viability assay 

Calu3 cells were seeded in 96-well plates, at sub confluent levels, the 
cells were washed 1X with PBS and the different chemical inhibitors 

Camostat mesylate (100 μM), GI254023X (100 μM), Ouabain (10 nM) 
and KYT0353 (100 μM and 500 μM) were added to the cells in medium 
with 2 % fetal bovine serum (FBS). The cells were pre-incubated with 
Camostat mesylate, Ouabain and KYT0353 individually for 2 h and with 
GI254023X for 4 h according to published data (Seifert et al., 2021; Oda 
et al., 2010; 5; Madoux et al., 2016). The chemical compounds were 
removed every (2 h or 4 h) + 24 h for 4 days. Cells were washed and 
lysed by agitation using cell titer glo reagent at 450 rpm for 5 min using 
an orbital shaker. After 10 min incubation of the plate at room tem
perature, 180 μl of the mix was transferred to a 
luminometer-compatible, 96-well white plate. The luminescence signal 
was recorded on GloMax luminometer with preset Cell titer Glo 
protocol. 

4.20. SARS-CoV-2 infection after pre-treatment with chemical inhibitors 

Calu3 cells at subconfluency in 24-well plates were pre-incubated 
with different chemical compounds. 2 h incubation was performed for 
Camostat mesylate (100 μM), Ouabain (10 nM) and KYT0353 (100 or 
500 μM) and 4 h incubation was performed for GI254023X (100 μM) 
according to published data (Seifert et al., 2021; Oda et al., 2010; 5; 
Madoux et al., 2016). At the end of the incubation time, the chemical 
inhibitors were removed and cells were washed 1X with PBS and were 
infected with Omicron (BA.1: EPI_ISL_7605546) SARS-CoV-2 virus at a 
MOI of 1. After 45 min of incubation with the virus, the inoculum was 
removed, the cells were washed 1X with PBS and was replaced by 
respective growth medium with 2 % FBS +1 % P/S. For the higher 
concentration of KYT0353 (500 μM), after removal of virus inoculum, 
cells were washed with PBS and replaced by respective growth medium 
with 2 % FBS + 1 % P/S containing 500 μM of KYT0353. 24 h post 
infection, the cells were washed 1X with PBS and lysed in TRK lysis 
buffer (OmegaBiotek #R6834) for RT qPCR analysis. Samples were 
inactivated for 10 min at 70 ◦C and exported from the BSL3 laboratory. 

4.21. SARS-CoV-2 infection in Calu3 cells to determine expression of 
target proteins 

Calu3 cells were seeded in 12 well plates to achieve subconfluency. 
They were infected with pre-Voc (B.1: EPI_ISL_414,019) and Omicron 
(BA.1: EPI_ISL_7605546) SARS-CoV-2 virus at a MOI of 1. After 45 min 
of incubation with the virus, the inoculum was removed, the cells were 
washed 1X with PBS. The wells were replaced by respective growth 
medium with 2 % FBS +1 % P/S. 24 h post infection, cells were washed 
and lysed with protein lysis buffer (tris Hcl 1 M pH 6.8, glycerol, SDS 20 
%, H2O and DTT), sonicated 10X (30 s on and 30 s off) at 4 ◦C and boiled 
at 95 ◦C for 5 min for Western blot analysis. 

4.22. Reverse transcription quantitative PCR 

For extraction of total RNA from cells, EZNA total RNA kit I (Ome
gaBiotek #R6834) was used according to manufacturers’ instructions. 
Either probe based or SYBR green based assays were used to detect the 
different RNAs. The probe-based assay was used to detect subgenomic E 
(sgE) and RNaseP. For quantitative RT-PCR, a 25 μl reaction with 5ul of 
RNA was done with the Superscript III 1-step reverse transcriptase-PCR 
system (Invitrogen) with the Platinum Taq DNA polymerase according 
to the manufacturers’ protocol. Probes contained a 5′ YY-520 reporter 
dye and MGB 3′ quencher for subgenomic E (sgE) and 5′ FAM-520 re
porter dye and MGB 3′ quencher for RNase P (Hs04930436, #4331182), 
both purchased from Microsynth. To determine the early virus replica
tion, a quantitative RT-PCR targeting the subgenomic RNA encoding the 
envelope (sgE) was performed. The RT-PCR was performed using a 
thermocycling protocol with reverse transcription for 15 min at 50 ◦C 
and a denaturation step for 2 min at 95 ◦C to restore Taq DNA poly
merase activity, followed by PCR amplification by 45 cycles of 95 ◦C for 
15 s and 60 ◦C for 30 s. Fluorescence signal was detected after the 

N. Williams et al.                                                                                                                                                                                                                               



Antiviral Research 228 (2024) 105951

12

elongation step of each cycle. RT-PCR was done with the following 
primers and probe: nCoV sgE Fwd: 5′-CCAACCAACTTTCGATCTCTTGT- 
3′, nCoV sgE Rev: 5′- CGTACCTGTCTCTTCCGAAACG-3′ and nCoV sgE 
prb: 5′YY/TCTCTAAACGAACTTATGTACTC/3′MGB – Q530. 18 S and 
GAPDH were detected using SYBR green system. RT was performed with 
100 ng of RNA samples for all conditions. The qPCR was performed 
using 1ul of cDNA mixed with 10ul of 2X KAPA SYBR FAST qPCR Master 
Mix-universal (KAPA Biosystems, USA). 0.5ul of each of the forward and 
reverse primers (10 μM) were added to the mix to make a final volume of 
20ul with RNase, DNase water. qPCR was performed following a ther
mocycling protocol of an initial denaturation step at 95 ◦C for 5 min, 
followed by 40 cycles of denaturation at 95 ◦C for 30 s and annealing/ 
extension at 60 ◦C for 60 s. The following primers were used 18 S Fwd: 
GTAACCCGTTGAACCCCATT, 18 S Rev: CCATCCAATCGGTAGTAGCG, 
GAPDH Fwd: GCAAATTTCCATGGCACCGT and GAPDH Rev: 
GCCCCACTTGATTTTGGAGG. The normalized change in relative sub
genomic E (sgE) gene expression was calculated by delta-delta CT 
method and by using average expression of 3 housekeeping genes, 
RNaseP, 18 S and GAPDH. 

Statistics 

Statistical analysis was performed using GraphPad Prism 9. Statis
tical tests applied are indicated in each respective figure legend. 
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