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A B S T R A C T   

The Severe Acute Respiratory Syndrome Coronavirus type 2 (SARS-CoV-2) has continuously evolved, resulting in 
the emergence of several variants of concern (VOCs). To study mechanisms of viral entry and potentially identify 
specific inhibitors, we pseudotyped lentiviral vectors with different SARS-CoV-2 VOC spike variants (D614G, 
Alpha, Beta, Delta, Omicron/BA.1), responsible for receptor binding and membrane fusion. These SARS-CoV-2 
lentiviral pseudoviruses were applied to screen 774 FDA-approved drugs. For the assay we decided to use 
CaCo2 cells, since they equally allow cell entry through both the direct membrane fusion pathway mediated by 
TMPRSS2 and the endocytosis pathway mediated by cathepsin-L. The active molecules which showed stronger 
differences in their potency to inhibit certain SARS-CoV-2 VOCs included antagonists of G-protein coupled re-
ceptors, like phenothiazine-derived antipsychotic compounds such as Chlorpromazine, with highest activity 
against the Omicron pseudovirus. In general, our data showed that the various VOCs differ in their preferences 
for cell entry, and we were able to identify synergistic combinations of inhibitors. Notably, Omicron singled out 
by relying primarily on the endocytosis pathway while Delta preferred cell entry via membrane fusion. In 
conclusion, our data provide new insights into different entry preferences of SARS-CoV-2 VOCs, which might 
help to identify new drug targets.   

1. Introduction 

Since its first isolation in late 2019, the Severe Acute Respiratory 
Syndrome Coronavirus type 2 (SARS-CoV-2) has continuously evolved, 
resulting in the manifestation of several variants, some of which became 
a special threat to health systems worldwide as so-called variants of 
concern (VOCs). According to the WHO there are several criteria a 
SARS-CoV-2 VOC has to fulfill [1]. These criteria include elevated 
transmissibility, increased severity of disease, immune escape, a 
changed clinical manifestation and a decreased effectiveness of standard 

procedures. The latter comprise public health measures, therapeutic 
plans and vaccines. Until now five SARS-CoV-2 variants were considered 
VOCs based on at least a selection of these criteria. The earliest VOCs 
were Alpha (B.1.1.7) and Beta (B.1.351), designated VOCs on the 18th of 
December 2020. They were followed by Gamma (P1, January 11, 2021), 
then Delta (B.1.617.2, May 11, 2021) and the latest Omicron 
(B.1.1.529), which was declared a VOC on November 26, 2021 [27]. 

The first detected SARS-CoV-2 mutation that spread in the human 
population contained the amino acid exchange D614G in the spike 
protein [2]. Later, the Alpha variant had acquired 23 mutations 
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consisting of six synonymous mutations, four deletions and 13 
non-synonymous mutations [3]. Two of the deletions and six of the 
non-synonymous mutations were located within the spike protein 
affecting affinity for its cellular receptor and recognition by human 
proteases. The Beta variant was reported to have 21 mutations with nine 
of them in the spike domain [4,5]. In the Gamma variant 34 mutations 
were found, 21 non-synonymous mutations, three deletions, a 4-nucleo-
tide insertion and 10 synonymous mutations, with 12 of these mutations 
in the spike region [6,7]. Of the 27 mutations in the Delta variant seven 
non-synonymous mutations and two deletions are located in the spike 
protein [8,9]. Up until now Omicron is the variant with the highest 
number of mutations, 72 for Omicron/BA.1, with half of them within the 
spike protein (30 non-synonymous mutations and six deletions). The 
spike mutations are responsible for enhanced receptor binding affinity 
and decreased antibody recognition [9,10]. In summary, all variants 
accumulated mutations within the spike protein. Being the first point of 
interaction with the host cell and immune system, spike protein muta-
tions potentially alter virus transmissibility and infectivity, immune 
escape and cell tropism. 

Infection of a host cell with SARS-CoV-2 starts with binding of the 
virus to the surface receptor followed by direct fusion with the plasma 
membrane or endocytosis. The angiotensin-converting enzyme 2 (ACE2) 
was shown to interact with the spike protein (S protein), thereby acting 
as a receptor for SARS-CoV and SARS-CoV-2 [11]. The binding results in 
a conformational change of the S2 domain of the S protein and initiates 
the fusion of the viral and host membrane. In addition, it was shown that 
the spike protein has to be activated by a proteolytic cleavage of cellular 
exogenous or membrane-bound proteases to facilitate the membrane 
fusion process. The transmembrane serinprotease 2 (TMPRSS2) was 
reported to be involved in this activation step [28]. If fusion does not 
occur, the virus will be taken up through the endosomal pathway, which 
is the preferred pathway for the majority of human coronaviruses. 
Recently, it was shown that endocytosis of SARS-CoV-2 is a 
clathrin-mediated process [29]. The acidic pH inside the vesicles and 
thus the activation of human cathepsin-L results in spike-protein 
cleavage at the S2’ site followed by the fusion of viral and endosome 
membrane [30]. Recent studies showed a reduced ability of the Omicron 
variant for direct cell membrane fusion and an enhanced preference for 
the endocytosis route, making the virus less dependent on the TMPRSS2 
protease but more dependent on the key proteins of endocytosis such as 
cathepsin-L [16]. Additionally, furin, which is involved in a variety of 
viral infections such as influenza, was also proposed to interact with the 
spike protein to facilitate the entering and later the exit process [31]. 
Alpha and Delta variants both have mutations in the corresponding furin 
cleavage site at amino acid 681 (Alpha P681H, Delta P681R), shown to 
be responsible for enhanced cell entry [16]. 

Here we present a drug-repurposing screen for the identification of 
compounds interfering with the SARS-CoV-2 cell entry process using 
SARS-CoV-2 pseudoviruses based on lentiviral vectors. We validated the 
sensitivity of SARS-CoV-2 variants of concern Alpha (B.1.1.7), Beta 
(B.1.351), Delta (B.1.617.2) and Omicron/BA.1 (B.1.1.529.1) towards a 
set of defined hits. We found compounds with differing activities against 
the various SARS-CoV-2 VOCs, which might help to dissect differences in 
cell entry mechanisms and to identify novel therapeutic targets. 

2. Results 

2.1. Pseudovirus generation and assay development 

Lentiviral vectors can efficiently be pseudotyped with envelope (env) 
proteins from a large variety of other enveloped viruses, including SARS- 
CoV [12] and SARS-CoV-2 [13]. The resulting (lentiviral) pseudotypes 
or pseudoviruses mimic receptor binding and membrane fusion of the 
original virus, including all cellular factors involved. Based thereon, 
these crucial steps of the viral life cycle can be studied using a 
well-established and safe vector system. After the membrane fusion, all 

subsequent steps up to marker gene expression are carried out solely by 
the mechanisms of the underlying lentiviral vector. Beside its safety, 
another important benefit of the vector system is the possibility to ex-
press easy-to-detect marker genes like fluorescent proteins or luciferase. 
In addition, the lentiviral vectors used are replication-incompetent, 
avoiding virus spreading within the culture and making the overall 
assay a well-defined procedure. Here we used the vector LeGO-Luc2-iG2 
from our LeGO vector platform [14,15] that confers concomitant 
expression of eGFP and firefly luciferase in transduced cells. The vector 
was pseudotyped with spike protein from one of the five SARS-CoV-2 
variants D614G, Alpha, Gamma, Delta and Omicron/BA.1, respec-
tively. Expression of the fluorescent protein allowed to determine the 
functional titer of pseudovirus preparations on 293T-ACE2 cells by flow 
cytometry, whereas luciferase expression was used as high-throughput 
compatible marker in the assay on CaCo2 cells to screen the drug 
repurposing library. Titers of non-concentrated pseudoviruses with 
SARS-CoV-2 spike protein (truncated) were in the range of 0.5–2.9 × 105 

/mL, which was about 100 times lower than standard VSV-G pseudo-
typed vectors produced as control, but still high enough for all planned 
experiments even without further purification or concentration steps. As 
reported in the literature [13], deletion of the terminal 18–20 amino 
acids was essential to achieve efficient packaging. Indeed, pseudotyping 
with the full-length spike resulted in approx. 500–1000 times lower ti-
ters compared to the truncated spike protein (19 amino acids deleted). It 
has been suggested that this N-terminal amino-acid stretch comprises 
the endoplasmic reticulum retention signal of the spike protein. Coun-
terintuitively, but also in line with the literature [13], we did not 
observe increased surface expression of the truncated spike protein (data 
not shown). This might hint to an alternative explanation for impaired 
pseudotyping with full-length spike, namely steric interference during 
packaging. 

The SARS-CoV-2 pseudoviruses based on lentiviral vectors were 
utilized to develop a cell-based assay to identify inhibitors of viral entry 
processes. CaCo2 cells, reported to express both the ACE2 receptor and 
TMPRSS2, were used [35]. The assay was optimized regarding cell 
number, pseudovirus concentration and incubation time with com-
pounds prior to pseudovirus addition and post transduction. Best results 
with signal to background ratio (S/B) of 1.7 were achieved using 8000 
cells/well in 20 µL media with 10 µL of lentiviral pseudovirus-containing 
supernatant. Lower cell numbers resulted in increased variation in the 
DMSO-solvent control. To evaluate the assay, we used camostat and 
nafamostat as positive controls for inhibition of viral entry. A maximum 
response of 50% inhibition could be achieved at non-toxic concentra-
tions (Fig. 1). 

2.2. Screening of a repurposing library 

To demonstrate the applicability of the developed assay system we 
screened the 774 drugs of the SCREEN-WELL FDA approved drug library 
V2 (BML-2843–0100; Enzo Life Sciences Inc.) for their ability to inhibit 
SARS-CoV-2 lentiviral pseudovirus entry with spike variant D614G on 
CaCo2 cells. Camostat was used as a pharmacological control, but failed 
to inhibit virus entry sufficiently at the given concentration of 10 µM to 
generate assay robustness with a Z’> 0.5. We therefore normalized the 
dataset based on vehicle control, DMSO, and repeated the primary 
screen to assess robustness and predictability. Both screens performed 
relatively similar (Fig. 2 A), with a correlation coefficient of 0.72, and 
showed a slight plate effect resulting in an average signal of 124% of the 
normalized average signal for the first and 105% for the second assay 
(Fig. 2 B). 

In total, 70 hits were identified based on an average inhibition of the 
reporter gene of at least 70% (e.g., Fig. 2 C and D). These hits were 
compared to in-house toxicity data on CaCo2 cells and compounds 
decreasing viability to below 75% were labeled toxic; thus 10 toxic 
compounds were removed. To reduce the number of relevant molecules 
further, the hit population was compared against in-house data sets of 
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Fig. 1. : Adaptation and pharmacological validation of SARS-CoV-2 pseudovirus assay for screening, (A). Titration of cell number per well in a 384-well plate, 
calculation of signal/background ratio using camostat as positive control and DMSO as negative control (B). Validation of assay response to known inhibitors of 
SARS-CoV-2 entry. Compounds were added 30 min prior to virus addition to 8000 cells per well. Data shown is based on the average and standard deviation of three 
independent experiments. Detection of luminescence signal was performed after 48 h at 37 ◦C. RLU: relative light units measured as counts per 100 ms/well. 

Fig. 2. SARS-CoV-2 lentiviral pseudovirus entry inhibition assay. Correlation of two independent screens of 774 FDA-approved drugs (A), frequency distribution of 
the two screens (B), dose response curves of Decitabine (blue) and Trifluoperazine (red) as example for DNA replication inhibitor and dopamine receptor antagonist 
(C), dose response curves of Docetaxel (green) and Alprostadil (brown) as example for a microtubule polymerization inhibitor and Prostaglandin E1 (D). Data shown 
in A) and B) are based on singlicates, data shown in C) and D) are based on the average and standard deviation of three independent experiments. 
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HEK293T and MCF7 cell toxicity as well as a dataset of inhibitors of a 
lentiviral vector reporter gene assay from an unrelated project [17], 
removing a number of false-positive hits specific to lentiviral vectors. It 
has to be noted that not all compounds had been screened in this counter 
assay, therefore two DNA synthesis inhibitors remained in the data set. 
The additional toxicity data sets eliminated another 26 compounds, and 
12 compounds were identified as false-positives due to inhibition of the 
unrelated pseudovirus assay [17] also based on lentiviral vectors. In 
summary, mainly compounds interfering with viral nucleic acid pro-
duction or microtubule function were eliminated. All six compounds 
with an IC50 below 10 µM, which were also not active in the afore-
mentioned counter assays, are shown in Table 1. 

Next to a number of compounds interfering with different pathways 
related to viral nucleic acid production, other modes of action putatively 
relevant for viral entry were identified. All of these compounds were 
analyzed in more detail in a second screening. 

2.3. Variant specificity of entry inhibitors 

In a second assay round, we assessed the activity of the hits against 
different spike protein variants in our SARS-CoV-2 lentiviral pseudovi-
rus assay. In order to get a more general picture and potentially identify 
more potent compounds, we analyzed hit compound classes rather than 
the individual hits, only. Particularly, we identified and screened similar 
compounds for the nucleic acid pathway inhibitors, the microtubule 
function inhibitors and the G-protein coupled receptor antagonists. 

The largest class of active molecules, inhibitors of nucleic acid 
related pathways, was examined using eight molecules (Fig. 3 A). 
Within this class, Mycophenolic acid, an inhibitor of the rate-limiting 
step of GMP synthesis, was also included alongside its slightly more 
potent prodrug, Mycophenolate mofetil. Additionally, Mefloquine and 
Quinine, best known as parasite inhibitors, were tested, as they showed 
activity in the initial SARS-CoV-2 lentiviral pseudovirus assay and also 
inhibit purine nucleoside phosphorylase in Plasmodium, pointing to an 
additional mode of action. In the case of Mycophenolic acid, Alpha and 
Omicron spike protein variants seem to be affected to a larger degree. 
Other datasets, like Thioguanine or Pentamidine, from the same set of 
compounds show an opposing trend. Quite a few compounds and most 
of the microtubule inhibitors actually followed the trend and were less 
effective against Alpha and Omicron variants. Nevertheless, they were 
analyzed, as Docetaxel was a very potent hit in the initial screening, and 
microtubule inhibitors were previously reported to be virostatic 
(Fig. 3 C) [18,19]. In total, six microtubule inhibitors were evaluated 
and showed very similar effects for all spike variants tested. Next to the 
aforementioned inhibitors, four antagonists of G-protein coupled re-
ceptors, mainly Dopamine receptor antagonists, were selected and 
evaluated (Fig. 3 B). Interestingly, all four antagonists belong to the 
group of phenothiazine-derived antipsychotic compounds, and the 
Omicron spike variant was more sensitive to these inhibitors than the 
other variants. 

Camostat, the known TMPRSS2 inhibitor used as control, showed an 
opposite effect, suggesting an alteration in cellular factors required for 
Omicron uptake (Fig. 3 D). To evaluate this effect in more detail, dose 
response curves were obtained using the four G-Protein coupled receptor 

antagonists, with Camostat and E64d as controls (Fig. 4). All compounds 
were evaluated against D614G, Delta and Omicron variants in the SARS- 
CoV-2 lentiviral pseudovirus assay. The four G-protein coupled receptor 
antagonists were more active against Omicron compared to Delta and 
D614G variants (Fig. 4 A-D), similarly to the previously reported 
Cathepsin-L inhibitor E64d involved in endocytosis inhibition. Camostat 
(Fig. 4 E) and E64d (Fig. 4 F) therefore had opposing effects on Omicron, 
whereas no change of inhibition potency was observed for D614G and 
Delta. 

2.4. Evaluation of endocytosis key factors used by Omicron for cell entry 

Knowing that SARS-CoV-2 uses clathrin-mediated endocytosis for 
entry and that the phenothiazine-derived antipsychotic compounds 
evaluated in Fig. 4 exhibit an inhibitory activity against this form of 
endocytosis, we evaluated which key proteins might be used by the virus 
for entry [20]. To do so, we expanded the hit list with representatives of 
known inhibitors of key proteins of endocytosis such as dynamin I, 
phosphodiesterases, calmodulin and phosphatidylinositol 3-kinase 
(PI3K). The same compounds were also tested for cytotoxicity to 
exclude any unspecific effects in the SARS-CoV-2 lentiviral pseudovirus 
assay. Tested at 10 µM, none of the compounds reduced the cell viability 
by more than 30% (Fig. 5). The obtained data showed that among the 
selected targets PI3K inhibition had the strongest effect on entry of 
Omicron SARS-CoV-2 lentiviral pseudovirus (Fig. 5). Also, calmodulin 
inhibitors showed significant inhibition, especially Dexniguldipine, 
which is also an inhibitor of the P-gp efflux pump. 

2.5. Synergy of compound-mediated inhibition of viral entry 

As SARS-CoV-2 uses different cellular factors for infection of the host 
cell, we analyzed how the compound-derived inhibition of viral entry 
can be enhanced by targeting different key enzymes of these entry 
pathways. 

As shown in Fig. 4, the D614G SARS-CoV-2 variant can be inhibited 
in two ways - by camostat targeting TMPRSS2 and thus direct fusion, 
and by E64d targeting Cathepsins and thus the endocytosis pathway. We 
combined the inhibitors in a matrix titration. The results showed a 
strong synergistic effect reaching a maximum of about 90% inhibition, 
compared to a maximum of about 50% if compounds were tested alone 
(Fig. 6 A). In the next step, we used Chlorpromazine, one of the com-
pounds with higher specificity for Omicron compared to other VOC 
pseudoviruses, and tested its activity against E64d and Camostat. While 
the comparison of Chlorpromazine with Camostat showed a clear syn-
ergy in D614G (Fig. 6 C), the matrix titration of Chlorpromazine with 
E64d had only additive effects in D614G and Omicron SARS-CoV-2 
lentiviral pseudovirus assays (Fig. 6 B and D). The results showed an 
inhibition response similar to the addition of the respective single 
compound IC50 (ZIP score between 0 and 10). This behavior points to 
the pathway inhibited: While E64d and Camostat as well as Chlor-
promazine and Camostat act on different entry routes and are therefore 
synergistic (ZIP score greater than 10), E64d and Chlorpromazine act 
additively and therefore most likely target similar routes. 

Table 1 
Hits of the SARS-CoV-2 lentiviral pseudovirus assay after partial removal of false-positives. The IC50 value is based on a triplicate measurement of the viral reporter 
gene, and the viability data are means and standard deviations of three measurements at 10 µM.  

Name IC50 [µM] Viability [%] Mode of action 

Fluorouracil 7.01 97.0 ± 1.7 Nucleic acid pathway inhibitor (thymidine synthesis) 
Cladribine 7.74 107.5 ± 2.7 Nucleic acid pathway inhibitor (purine analog) 
Docetaxel < 0.08 80.8 ± 3.0 Microtubule inhibitor 
Chlorpromazine 9.63 88.6 ± 4.3 G-protein receptor antagonist (D2 dopaminergic receptor) 
Econazole 8.96 88.2 ± 1.8 Antifungal imidazole (steroid synthesis) 
Alprostadil 7.42 100.4 ± 2.9 Prostaglandin E1  
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3. Discussion 

The SARS-CoV-2 pandemic is a global threat and resulted in count-
less research projects searching for drugs against viral replication or 
COVID-19 as the syndrome. Drug repurposing, with its promise for faster 
and cheaper drug development, is at the forefront of this endeavor [22]. 
A good example is Remdesivir, a Gilead drug formerly investigated to 
treat Ebola infection. The drug was tested against COVID-19 in February 
2020, was granted an Emergency Use Authorization by the FDA in May 
and was fully approved in October of the same year. Although Remde-
sivir was later found to be only moderately effective, the example 
demonstrates the potential of drug repurposing as a means of fast and 
safe drug development [23]. Here we describe a repurposing screen 
aimed at the identification of approved drugs that interfere with the 
entry process of SARS-CoV-2 in a pseudovirus assay. Moreover, active 
hits were profiled using pseudoviruses with the spike protein of the 
VOCs Alpha, Beta, Delta and Omicron/BA.1. 

The high-throughput cell-based screen using the D614G SARS-CoV-2 
lentiviral pseudovirus showed that the largest group of actives, 15 of 39, 
were compounds inhibiting nucleic acid synthesis at different steps of 
the process. Many of these compounds were directly developed against 
viral infections, like NRTIs and NNRTIs against HIV, whereas others, like 
Cladribine or Fluorouracil, are marketed cancer drugs. It is important to 

note that the lentiviral pseudovirus used in our assay is derived from 
HIV, therefore inhibitors of the HIV reverse transcriptase and integrase 
enzymes are detected as “false-positives”, as previously analyzed and 
described by us [17]. These actives were therefore general lentivirus 
inhibitors and showed no specificity for a VOC spike protein. Another 
large group of active molecules belonged to the class of microtubule 
binders. Although many of the compounds showed some signs of toxicity 
at the tested concentration and incubation time, they still demonstrated 
specific activity, altogether. Studies showed that this activity is not 
limited to SARS-CoV-2, but that, for example, Podofilox and Mebenda-
zole inhibited infection with human Cytomegalovirus and Ebola virus, 
respectively [19,32]. The specific effects of microtubule inhibitors 
against SARS-CoV-2 infection have been well documented, but there 
may also be more general effects reducing the severity of COVID-19 
[22]. Colchicine, for example, disrupts different cellular processes 
including the NLRP3 inflammasome as well as processes leading to 
cytokine storm and was therefore investigated as a therapeutic option 
against COVID-19 [33,34]. 

The group of active compounds, which showed the largest differ-
ences in their potency to inhibit entry of lentiviral pseudoviruses of 
various SARS-CoV-2 VOCs, included antagonists of G-protein coupled 
receptors, such as the Dopamine receptor. As Trifluoperazine, Chlor-
promazine, Clomipramine and Thioridazine showed enhanced 

Fig. 3. : Screening of active compound classes against SARS-CoV-2 lentiviral pseudoviruses with different SARS-CoV-2 spike variants. Compounds interfering with 
nucleic acid synthesis (A), G-protein coupled receptor antagonists (B), inhibitors of microtubule polymerization (C) and compounds with different mode of actions 
(D). All data were normalized to DMSO (shown in D). SARS-CoV-2 spike D614G variant shown in green, Alpha in yellow, Beta in blue, Delta in pink and Omicron in 
grey. Data shown is based on the average and standard deviation of three independent experiments. Compound structures are given in Supporting Fig. 1. 
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inhibitory effects on Omicron entry, and these compounds have been 
reported to be involved in inhibition of clathrin-mediated endocytosis, 
also used by SARS-CoV-2, we evaluated which key proteins were most 
relevant for the entry of the Omicron SARS-CoV-2 lentiviral pseudovi-
rus. Chlorpromazine was also reported to inhibit calmodulin, which is 
involved in control of ACE2 ectodomain shedding [20,24]. The expan-
sion of the hit list with compounds inhibiting targets of endocytosis, 
which are involved in G-protein controlled pathways or calmodulin in-
teractions, revealed an important role of PI3K for entry of Omicron. In 
addition, the calmodulin inhibitor Dexniguldipine showed strong inhi-
bition of Omicron SARS-CoV-2 lentiviral pseudovirus entry, whereas 
other calmodulin inhibitors showed only weak inhibitory activity. 

Dexniguldipine is not only a calmodulin inhibitor but also a P-gp in-
hibitor reported to inhibit the efflux pump involved in multi-drug 
resistance in, e.g., cancer cells, thus increasing its own intracellular 
concentration as well as the activity of co-administrated drugs [25]. 

Our data demonstrate that lentiviral vectors pseudotyped with Spike 
proteins of the various SARS-CoV-2 VOCs exhibit different preferences 
for direct membrane fusion or entry through endocytosis. Confirming 
previously reported data [16] we show that the Omicron variant has a 
preference for the endocytosis pathway, whereas D614G uses both 
pathways and the Delta variant prefers entry though direct membrane 
fusion. In general, it is important to note that the effect of a tested 
compound might strongly be affected by the cellular system used for the 

Fig. 4. : The effects of different phenothiazine-derived antipsychotic compounds (A - D) against SARS-CoV-2 lentiviral pseudoviruses with different spike variants. 
TMPRSS2 inhibitor Camostat (E) and Cathepsin-L-mediated endocytosis inhibitor E64d (F) were used as positive controls. Spike variant D614G is shown in green, 
Delta in pink and Omicron in gray. Data shown is based on the average and standard deviation of three independent experiments. Compound structures are provided 
in Supporting Fig. 2. 
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Fig. 5. : Toxicity and virostatic effect of different endo-
cytosis inhibitors. Toxicity (shown as cell viability (%), 
grey) was tested using the CaCo2 cell line and virostatic 
activity (green) was analyzed using the Omicron SARS- 
CoV-2 lentiviral pseudovirus. All compounds were tested 
at 10 µM. Five different proteins of the endocytosis 
pathway were analyzed. PI3K using Copanlisib, Pictilisib 
and YM201636; Dynamin using Mdivi1; PDE using PDE10- 
IN-1 and Sildenafil; ß-arrestin using Pirenzepine and Lev-
etimidine; Calmodulin using A-7, Zaldaride, Dexniguldi-
pine (also a p-gp efflux pump inhibitor). Data shown is 
based on the average and standard deviation of three in-
dependent experiments.   

Fig. 6. : Matrix titration of identified SARS-CoV-2 lentiviral pseudovirus entry inhibitors. Titration of E64d and Camostat (A), E64d and Chlorpromazine (B), 
Chlorpromazine and Camostat (C) in SARS-CoV-2 D614G lentiviral pseudovirus assay. Titration of E64d and Chlorpromazine (D) in SARS-CoV-2 Omicron lentiviral 
pseudovirus assay. ZIP score calculated using SynergyFinder 2.0 [21]. Data shown is based on the average and standard deviation of three independent experiments. 
Compound structures are given in Supporting Fig. 2. 
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assay. As recently reported by Willett et al. [16] and others, the effect of 
cathepsin-L inhibitor E64d, involved in uptake by endocytosis, might be 
neglectable in those cell lines which primarily support cell entry through 
direct membrane fusion regulated by TMPRSS2. Here we used CaCo2 
cells that equally allow cell entry through both the direct membrane 
fusion pathway mediated by TMPRSS2 and the endocytosis pathway 
mediated by cathepsin-L, as shown by inhibition of TMPRSS2 using 
Camostat and inhibition of cathepsin-L using E64d. We observed that 
targeting both, TMPRSS2 and Cathepsins, with a combination of 
Camostat and E64d resulted in strongly enhanced inhibition of D614G 
pseudovirus entry compared to the effects when the two compounds 
were added individually. Most probably, this observation was due to the 
concomitant inhibition of both entry pathways used by the D614G 
variant. It seems likely that SARS-CoV-2 variants are able to switch 
between entry mechanisms as seen for the Delta VOC. In line with this 
finding, we observed almost complete inhibition (up to 80–90%) of virus 
entry by endocytosis inhibitors towards the Omicron SARS-CoV-2 len-
tiviral pseudovirus, which was, on the contrary, not inhibited by 
TMPRSS2 inhibitors. In parallel, the combination of the identified hits 
resulted in relatively weak additive inhibitory effects, pointing to a 
linear inhibition within the same pathway. 

In line with previously reported data [16], our study shows that 
SARS-CoV-2 variants can utilize different routes of cell entry, with the 
exact proportion of each route depending on cell type and inhibition 
applied. Omicron appears to be an exception, apparently almost solely 
relying on the endocytosis mechanism. For variants using both direct 
membrane fusion and endocytosis, e.g., D614G and Delta, key enzymes 
of both mechanisms need to be inhibited to achieve efficient suppression 
of cell entry. Based on our results it is tempting to speculate that tar-
geting calmodulin and PI3K together with other factors may be benefi-
cial for inhibition of SARS-CoV-2 entry. Enhancement of ACE2 
ectodomain shedding through inhibition of calmodulin hinders all 

SARS-CoV-2 variants from using ACE2 as receptor to bind to the cell 
surface. The additional inhibition of PI3K, directly or through calmod-
ulin inhibition, might be beneficial for inhibition of SARS-CoV-2 vari-
ants which prefer the endocytosis pathway, such as Omicron. 
Identification of further key factors needed for viral entry, such as the 
specific protease of ACE2 shedding, will reveal more starting points for 
development of combined therapies. Fig. 7. 

4. Methods 

4.1. Cloning of SARS-CoV-2 spike expressing plasmids 

Standard molecular cloning techniques were used to generate spike 
protein expressing plasmids needed for the production of lentiviral 
pseudoviruses. New spike-encoding plasmids were deposited at Addg-
ene as indicated. A human codon-optimized version of the full-length 
cDNA of SARS-CoV-2 Spike protein (wild type, Wuhan-Hu-1) was syn-
thesized (Twist Biosciences, San Francisco, CA) and cloned into the 
mammalian expression plasmid pEF1a-Puro under control of the human 
elongation factor 1α promoter resulting in pEF1a-Puro-SARS-CoV-2- 
Spike-wt (Addgene #183413). The mutation D614G was introduced 
by PCR, resulting in pEF1a-Puro-SARS-CoV-2-Spike-D614G (Addgene 
#183415). To remove the putative N-terminal endoplasmic reticulum 
retention signal, the part encoding the last 19 amino acids was removed 
by PCR, resulting in pEF1a-Puro-SARS-CoV-2-Spike-wt-d19 (Addgene 
#183414) and pEF1a-Puro-SARS-CoV-2-Spike-D614G-d19 (Addgene 
#183416). The cDNA of Spike Alpha (B.1.1.7) was synthesized based on 
the same codon-usage (GeneArt / ThermoFisher, Darmstadt, Germany), 
resulting in pEF1a-Puro-SARS-CoV-2-Spike-Alpha-d19 (Addgene 
#183417). 

The following three plasmids [26] expressing SARS-CoV-2 spike 
variants under control of a CMV promoter were a gift from David 

Fig. 7. Schematic representation of two entry mechanisms of SARS-CoV-2. Whereas Delta VOC prefers direct membrane fusion (left), Omicron VOC prefers uptake by 
endocytosis and subsequent membrane fusion (right). The specific points of intervention found within this screening campaign are highlighted in red. 
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Nemazee, ordered through Addgene.org (Watertown, MA), 
pcDNA3.3-SARS-CoV-2-Spike-Beta-d18 (B.1.351, Addgene #170449), 
pcDNA3.3-SARS-CoV-2-Spike-Delta-d18 (B.1.617.2, Addgene 
#172320). The cDNA of Spike Omicron/BA.1 (B.1.1.529.1) was syn-
thesized (GeneArt/ThermoFisher, Darmstadt, Germany) with a 
codon-usage based on the Beta and Delta cDNA, resulting in 
pcDNA3.3-SARS-CoV-2-Spike-Omicron-BA.1-d18 (Addgene #180843). 

4.2. Production of lentiviral pseudoviruses with SARS-CoV-2 spike protein 

Cell-free viral particles containing supernatants were generated by 
transient transfection of 293T cells with four plasmids using the calcium 
phosphate transfection method as described previously [14,15]. Pro-
tocols are available at the LeGO website (http://www.LentiGO-Vectors. 
de). The four plasmids used for transfection were the 3rd generation 
HIV1-derived lentiviral SIN vector LeGO-Luc2-iG2 (Addgene #183418) 
(15 µg), expressing eGFP and firefly luciferase (Luc2, Promega), the 
3rd-generation packaging plasmids pMDLg/pRRE (Addgene #12251) 
(10 µg) and pRSV-Rev (Addgene #12253) (5 µg) and one of the 
SARS-CoV-2 spike protein expressing plasmids (4 µg) per 5 × 106 293 T 
cells plated the day before on a 10 cm cell culture dish in 10 mL DMEM 
(4.5 g/L glucose, GlutaMAX, Gibco #31966–021) with 10% fetal bovine 
serum (Sigma F7524), penicillin/streptomycin (100 U/mL, 100 μg/mL 
Gibco #15140–122), and 25 mM HEPES (Gibco #15630–056). Per 
plate, three supernatants were collected (8 mL overnight, 6 mL over 
day, 8 mL overnight), filtrated though 0.45-µm syringe filters (Whatman 
#10462100), kept at 4 ◦C until all three were pooled, then aliquoted 
into 2 mL tubes and frozen at − 80 ◦C. 

Supernatants containing the pseudovirus particles were titrated on 
293T-ACE2-Puro-2G7 cells, a single cell derived clone stably over-
expressing human ACE2, plated on 24-well plates with 50.000 cells per 
well in 500 µL DMEM. For the titration, 8 µg/mL polybrene was added to 
the medium and after addition of the pseudovirus, plates were centri-
fuged for 1 h at 1000 g and 25 ◦C (spin-inoculation). Gene transfer rates 
were analyzed 2–3 days after transduction by flow cytometry based on 
eGFP expression. Titers of 0.5–2.9 × 105 /mL SARS-CoV-2 spike pseu-
dotyped vector particles were obtained non-concentrated, whereas VSV- 
G pseudotyped vectors as control typically reach 1–5 × 107 /mL, for 
comparison. 

4.3. High-throughput screening and hit profiling 

We used the SCREEN-WELL FDA approved drug library V2 (BML- 
2843–0100; Enzo Life Sciences Inc.) for identification of compounds 
interfering with the entry of the lentiviral pseudovirus SARS-CoV-2 
D614G variant. 

CaCo2 cells were obtained from Cell Lines Service (CLS, #300137) 
and used between passage 5 and 25. Cells were grown in Dulbecco’s 
Modified Eagle Medium (DMEM High Glucose (4.5 g/L), without L- 
Glutamine, without Phenol Red, Capricorn, #DMEM-HXRXA) with 10% 
fetal bovine serum (Capricorn, #FBS-12A), L-Glutamine (Capricorn, 
#GLN-B), streptomycin (100 μg/mL), and 100 U/mL penicillin (Capri-
corn, #PS-B). For plating, cells were washed with Dulbecco’s PBS, w/o 
Ca2+ & Mg2+, w/o Phenol Red (Capricorn, #PBS-1A), trypsinized 
(Trypsin-EDTA Capricorn, #Try-1B), resuspended, and seeded into 
white 384-well microtiter plates (Greiner Bio-One, #781073) at 8000 
cells/20 µL/well. The cells were then incubated at 37 ◦C in the presence 
of 5% CO2 for 24 h. Compounds (20 nL/well of 10 mM stock concen-
tration in 100% v/v DMSO) and controls (Camostat 20 nL/well of 
10 mM stock concentration in 100% v/v DMSO, and 20 nL/well of 100% 
v/v DMSO (Carl Roth, #HN47.1)) were added to cells using the Echo 
550 Liquid Handler and incubated for 30 min at 37 ◦C in the presence of 
5% CO2. 10 µL/well of lentiviral pseudovirus with SARS-CoV-2 spike 
D614G were added to the cells and incubated for 48 h at 37 ◦C in the 
presence of 5% CO2. 10 µL of Steady-Glo Luciferase Detection Reagent 
(Promega, #E2520) were added per well, the microplate was incubated 

at the dark for 15 min. Luminescence was measured using the EnSight 
multimode plate reader with 100 ms detection time/well. 

If not otherwise mentioned, hit profiling was performed using the 
conditions of high-throughput screening but with selected hits in dose 
response, starting with 10 µM end concentration in 1:2 dilution/ 8 steps 
using lentiviral pseudovirus with SARS-CoV-2 spike D614G and of the 
variants of concern Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2) 
and Omicron/BA.1 (B.1.1.529.1). 

Data analysis was performed using Microsoft Excel and GraphPad 
Prism 8. Test compound results were normalized relative to the DMSO 
control that represents 0% inhibition of lentiviral pseudovirus entry. 
Dose response curves were fitted to 4-parameter logistic functions in 
GraphPad Prism 8 with constrains to minimal response of 0% inhibition. 

4.4. Cytotoxicity assay 

The general cytotoxic and cytostatic assessment was performed using 
the measurement of the intracellular ATP level with Promega CellTiter- 
Glo (#G7570) assay kit. CaCo2 cells, were obtained from Cell Lines 
Service (CLS, #300137) and used between passage 5 and 25. CaCo2 cells 
grown in Dulbecco’s Modified Eagle Medium (DMEM High Glucose 
(4.5 g/L), without L-Glutamine, without Phenol Red, Capricorn, 
#DMEM-HXRXA) with 10% fetal bovine serum (Capricorn, #FBS-12A), 
L-Glutamine (Capricorn, #GLN-B), streptomycin (100 μg/mL), and 
100 U/mL penicillin (Capricorn, #PS-B) were washed in Dulbecco’s 
PBS, w/o Ca2+ & Mg2+, w/o Phenol Red (Capricorn, #PBS-1A), trypsi-
nized (Trypsin-EDTA Capricorn, #Try-1B), resuspended, and seeded 
into white 384-well microtiter plates (Greiner Bio-One, #781073) at 
8000 cells/20 µL/well and incubated at 37 ◦C in the presence of 5% CO2 
for 24 h. One microplate is used as a reference signal plate for untreated 
cells on the day of compound addition. Therefore, 10 µL of the CellTiter- 
Glo Detection Reagent were added to each well, the microplate was 
centrifuged (1 min, 400 g) and incubated at the dark for 15 min. The 
generated luminescence signal was detected using the EnVision Multi-
label 2103 Reader with 100 ms reading time/well. In other microplates 
compound (20 nL of 10-mM stock concentration in 100% v/v DMSO) 
controls (Natrium Selenite 20 nL/well of 2.5 mM stock concentration in 
100% v/v DMSO, and 20 nL/well of 100% v/v DMSO (Carl Roth, 
#HN47.1)) were added to cells using the Echo 550 Liquid Handler and 
incubated for 48 h at 37 ◦C in the presence of 5% CO2. Luminescence 
signal was measured according to the procedure of the reference plate. 

Data analysis was performed using Microsoft Excel and GraphPad 
Prism 8. Test compound results were normalized relative to respective 
controls with DMSO control representing 0% inhibition of cell viability 
and Na-Selenite control representing 100% inhibition of cell viability. 
Control well outliers were eliminated according to the three-sigma 
method. 

4.5. Chemical compounds 

Chemical compounds studied in this article: Camostat (PubChem 
CID: 5284360), Nafamostat (PubChem CID: 5311180), Decitabine 
(PubChem CID: 451668), Trifluoperazine (PubChem CID: 5566), Doce-
taxel (PubChem CID: 148124), Alprostadil (PubChem CID: 5280723), 
Fluorouracil (PubChem CID: 3385), Cladribine (PubChem CID: 20279), 
Chlorpromazine (PubChem CID: 2726), Econazole (PubChem CID: 
3198), Didanosine (PubChem CID: 135398739), Quinine (PubChem 
CID: 3034034), Mycophenolic acid (PubChem CID: 446541), Myco-
phenolate Mofetil (PubChem CID: 5281078), Mefloquine (PubChem 
CID: 40692), Thioguanine (PubChem CID: 2723601), Pentamidine 
(PubChem CID: 8813), Clomipramine (PubChem CID: 68539), Thiorid-
azine (PubChem CID: 5452), Vinorelbine (PubChem CID: 5311497), 
Mebendazole (PubChem CID: 4030), Paclitaxel (PubChem CID: 36314), 
Colchicine (PubChem CID: 6167), Podofilox (PubChem CID: 10607), 
Cinacalcet (PubChem CID: 156418), Azelastine (PubChem CID: 2267), 
E64d (PubChem CID: 65663), Copanlisib (PubChem CID: 135565596), 
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Pictilisib (PubChem CID: 17755052), YM201636 (PubChem CID: 
9956222), Mdivi1 (PubChem CID: 3825829), PDE10-IN-1 (PubChem 
CID: 72709059), Sildenafil (PubChem CID: 135398744), Pirenzepine 
(PubChem CID: 71405), Levetimide (PubChem CID: 30844), A-7 (Pub-
Chem CID: 54601194), Zaldaride (PubChem CID: 65909), Dexniguldi-
pine (PubChem CID: 6918097). 
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