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Niemann-Pick type C1 (NPC1) receptor is an endosomal membrane protein that regulates intracellular choles-
terol traffic. This protein has been shown to play an important role for several viruses. It has been reported that
SARS-CoV-2 enters the cell through plasma membrane fusion and/or endosomal entry upon availability of
proteases. However, the whole process is not fully understood yet and additional viral/host factors might be
required for viral fusion and subsequent viral replication. Here, we report a novel interaction between the SARS-

CoV-2 nucleoprotein (N) and the cholesterol transporter NPC1. Furthermore, we have found that some com-
pounds reported to interact with NPC1, carbazole SC816 and sulfides SC198 and SC073, were able to reduce
SARS-CoV-2 viral infection with a good selectivity index in human cell infection models. These findings suggest
the importance of NPC1 for SARS-CoV-2 viral infection and a new possible potential therapeutic target to fight

against COVID-19.

1. Introduction

The current coronavirus disease 19 (COVID-19) pandemic, caused by
the emerging and pathogenic severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), has affected more than 170 millions of people
worldwide and constitutes one of the greatest challenges in this century
due to a great loss of lives, more than four millions up to date (WHO
Coronavirus dashboard July 8, 2021) (WHO, 2021). These facts high-
light the urgent need for developing efficient therapeutics against
SARS-CoV-2 since there are only a few licensed treatments available
(Indari et al., 2021). A better understanding of the biology of
SARS-CoV-2 is vital in order to develop effective therapeutics.

A key step in the biology of SARS-CoV-2 is the cell entry mechanism
upon interaction with the angiotensin-converting enzyme 2 (ACE2) re-
ceptor at the plasma membrane, which mediates fusion of membranes
(Lan et al., 2020; Shang et al., 2020a, 2020b; Wang et al., 2008; Zhou
et al., 2020). But, similarly to SARS-CoV-1, SARS-CoV-2 virus can also
enter via endosomes after binding ACE2 receptor and subsequent
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cathepsin L processing (Inoue et al., 2007; Wang et al., 2008). In fact, the
inhibition of both alternatives is necessary for full inhibition of
SARS-CoV-2 entry (Hoffmann et al., 2020; Ou et al., 2020). Considering
that SARS-CoV-2 may enter the cells by endocytosis, it would be
partially acid pH-dependent and should exit endosomes by membrane
fusion to start replication (Tharappel et al., 2020).

Several viruses interact with proteins related to the cholesterol
transport. An example of this is the Hepatitis C virus (HCV), which uses
the cellular Niemann-Pick C1-like 1 protein (NPC1L1), an homologous
protein to NPCl acting as a transmembrane-domain cell surface
cholesterol-sensing receptor that is expressed on the apical surface of
intestinal enterocytes and human hepatocytes (Sainz et al., 2012, Scott
and Ioannou, 2004).

The Niemann-Pick type C1 (NPC1) is a late-endosomal membrane
protein required for transport of cholesterol into the cells (Li et al.,
2016). This protein localizes in late endosomes and it has 3 large loops
(or domains A,C and I) that protrude into the endosome lumen (Scott
and Ioannou, 2004).
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NPC1 has been reported to be important for the infectivity of several
viruses such as HCV (Stoeck et al., 2018), Ebola virus (EBOV) (Carette
et al., 2011; Coté et al., 2011), HIV (Tang et al., 2009), Chikungunya
virus (CHIKV) (Wichit et al., 2017), and several flaviviruses including
Dengue (DENV) (Jupatanakul et al., 2014; Poh et al., 2012) and Zika
virus (ZIKV) (Sabino et al., 2019), among others (Osuna-Ramos et al.,
2018; Wichit et al., 2017).

For EBOV, two simultaneous publications first described NPC1 as an
intracellular host receptor (Carette et al., 2011; Coté et al., 2011). For
other viruses, like HCV, NPC1 has been described to contribute to viral
replication; in this case, the pharmacological inhibition of NPC1 func-
tion results on the reduction of HCV replication (Stoeck et al., 2018). The
FDA-approved drug, imipramine, which its known to interfere with
NPC1 function, has been also reported to reduce CHIKV replication
(Wichit et al., 2017) and HCV infection (Mingorance et al., 2014).

As SARS-CoV-2 can be internalized via clathrin- and non-clathrin-
mediated endocytosis; several reports suggested a theoretical role for
NPC1 in SARS-CoV-2 infection via an undetermined mechanism (Ballout
et al., 2020; Daniloski et al., 2021; Sturley et al., 2020; Vial et al., 2021).

We hypothesized that NPC1 might play an important role in SARS-
CoV-2 infection. To investigate this, we have first analyzed the poten-
tial interaction between SARS-CoV-2 proteins and NPCl using an
immunoprecipitation assay. Furthermore, in this study we found that
specific drugs acting through NPC1 were able to reduce SARS-CoV-2
infection.

2. Materials and Methods
2.1. Cell culture and viruses

Human embryonic kidney cells 293T/17 (HEK 293T; ATCC-CRL-
11268) and Vero E6 cells (ATCC CRL-1586) were cultured in complete
Dulbecco modified Eagle medium (DMEM) (supplemented with 100 IU/
ml penicillin, 100 pg/ml streptomycin, 1X GlutaMAX and 10% heat-
inactivated fetal bovine serum) at 37 °C and 5% CO; atmosphere.
Huh-7 Lunet C3 cells, a gift from T. Pietschman (Twincore, Germany),
were cultured at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 100 IU/ml penicillin, 100 pg/ml streptomycin, 10
mM HEPES, 1X NEAA and 10% of heat-inactivated fetal bovine serum
(FBS). A549 expressing human ACE2 (A549-ACE2) were kindly pro-
vided by Dr. Juan Ortin (CNB-CSIC, Spain) and maintained under 2.5
pg/ml blasticidin selection except for infection assays, and cultured at
37 °C in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 100 IU/ml penicillin, 100 pg/ml streptomycin, 1% L-glutamine and
10% FBS.

For virus infections, we used common human cold coronavirus 229E
(HCoV-229E), which expresses the green fluorescent protein (GFP) gene
(HCoV-229E-GFP) (Cervantes-Barragan et al., 2010). This recombinant
virus was kindly given by V. Thiel, at the University of Bern, in
Switzerland. The HCoV-229E-GFP infection experiments were con-
ducted at 33 °C and 5% CO».

SARS-CoV-2 strain NL/2020 virus stock was kindly provided by Dr.
Molenkamp from Erasmus University (Rotterdam, NL) through the
EVAg virus repository. The virus was propagated by inoculating Vero E6
cells at MOI 0.001 and harvesting supernatants at 48 h post-inoculation.
Virus titer was determined by determining TCID50 in Vero E6 cells and
by endpoint dilution and immunofluorescence microscopy for A549-
ACE2 cells. Recombinant Vesicular stomatitis virus (rVSV-luc) pseudo-
types were generated as previously described (Whitt, 2010) and kindly
provided by Dr. Rafael Delgado (Hospital 12 de Octubre, Spain). Briefly,
BHK-21 cells were transfected to express VSV-G with Lipofectamine
3000 following the manufacturer’s instructions (Invitrogen, Carlsbad,
USA). After 24 h, transfected cells were inoculated with a
replication-deficient rVSV-Luc pseudotype that contains firefly lucif-
erase instead of the VSV-G open reading frame, rVSV AG-luciferase (G*
AG-luciferase, Kerafast) during 1 h at 37 °C. The supernatants were
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harvested at 24 h, 48 h post-inoculation, centrifuged at 800xg for 10
min, and stored at —80 °C. Infectious titer was determined by limiting
dilution of each rVSV-luc virus-containing supernatants on Vero E6
cells.

2.2. Design and construction of plasmid that express the SARS-CoV-2 N
tag to EGFP

The methodology used in this part of the study (Fig. 1A) was previ-
ously described (Garcia-Dorival et al., 2016). To generate the
SARS-CoV-2-N with N-terminal EGFP tag (EGFP-N), a codon optimized
cDNA sequence for the ORF of SARS-CoV-2 N (NCBI reference sequence
number: NC_045512) was cloned into the pEGFP-C1 (by
GeneArt-Thermo Fisher Scientific). Once cloned, the sequence of the
plasmid EGFP-N was confirmed by sequencing (Gene Art-Thermo Fisher
Scientific).

2.3. Expression of EGFP-N and EGFP in HEK 293T cells

To transfect HEK 293T cells, four 60 mm dishes were seeded with 2.5
x 10° cells 24 h prior to transfection in DMEM complete medium
described above. Then, a transfection of 4 pg of plasmids EGFP or EGFP-
N for each 60 mm dish was done using Lipofectamine 2000 (Thermo
Fisher Scientific), following the instructions of the manufacturer.
Twenty-four hours post transfection, cells were harvested, lysed and
immunoprecipitated using a GFP-Trap kit (Chromotek).

2.4. Immunoprecipitations (IP)

EGFP-N and EGFP immunoprecipitations (IP) were done using a
GFP-Trap®_A (Chromotek). To do the IPs, the cell pellet was resus-
pended in 200 pl of lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM NacCl;
0.5 mM EDTA; 0.5% NP40) and then incubated for 30 min on ice. The
lysate was then clarified by centrifugation at 14000 xg and diluted five-
fold with dilution buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM
EDTA). The GFP-Trap agarose beads were equilibrated with ice-cold
dilution buffer and then incubated with diluted cell lysate overnight at
4 °C on a rotator, followed by centrifugation at 2500xg for 2 min. The
bead pellet was washed two times with wash buffer (10 mM Tris/Cl pH
7.5; 150 mM NaCl; 0.5 mM EDTA). After removal of wash buffer, the
beads were resuspended in 100 pl of sample buffer Laemmli 2X
Concentrate (Sigma Aldrich) and boiled at 95 °C for 10 min to elute the
bound proteins. Buffers used for immunoprecipitations were all sup-
plemented with Halt™ Protease Inhibitor Cocktail EDTA-Free (Thermo
Fisher Scientific).

2.5. Co-immunoprecipitation (Co-IP)

Co-IP for NPC1 was performed using 50 pl of the Immobilized Re-
combinant Protein G Resin (Generon) and specific antibodies against
NPC1 (Abcam, ab108921) as previously described (Garcia-Dorival et al.,
2016). The cell pellets were incubated for 30 min on ice with 200 pl lysis
buffer. The lysate was then clarified by centrifugation and diluted
five-fold with dilution buffer prior to adding 2 pg of the primary anti-
body and then incubated at 4 °C on a rotator for 2 h. The protein G resin
(Generon) were equilibrated with ice-cold dilution buffer and then
incubated at 4 °C on a rotator with diluted cell lysate containing the
antibody overnight at 4 °C on a rotator, followed by centrifugation at
2500xg for 2 min to remove non-bounds fractions. The wash and elution
steps were performed as described previously for GFP
co-immunoprecipitation.

2.6. Western blot analysis

To confirm the expression of GFP and GFP-N proteins, an SDS-PAGE
and a Western blot (WB) was done. For the SDS-PAGE, Mini-PROTEAN
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Fig. 1. Immunoprecipitation analysis of SARS-CoV-2 N protein with endogenous NPC1. (A) Schematic representation of the methodology used in this study. (B)
Expression of SARS-CoV-2 N tag to EGFP (EGFP-N) and the control EGFP in HEK 293T cell confirmed by immunofluorescence. As expected, HEK 293T cells showed
transient expression of EGFP (upper panel) and EGFP-N protein (lower panel) with a different distribution. EGFP, Topro3 and Merge are indicated in upper panels in
colors. Scale bar 25 pm. (C) Detection of EGFP-N, EGFP and cellular proteins analyzed in the immunoprecipitation assay (where “I” refers to input sample and “E”
refers to elution sample) by Western blot together with endogenous NPC1, EEA1, HSP90. EGFP-N and EGFP were both detected at the expected molecular weights
(MW). (D) Endogenous NPC1, HSP90 and transfected EGFP-N and EGFP were detected at the expected MW from the co-immunoprecipitations (reverse pulldown).
MW of the studied proteins: NPC1~ 175kD, EEAl~ 180kD, HSP90~ 90kD, EGFP-N~ 70kD, EGFP~ 27kD. All immunoprecipitation assays experiments were

repeated three times to ensure reproducibility (Fig. S2 and S3).

TGX gels were used (Bio-Rad 4561096), then, the gels were transferred
to PVDF membranes using the Trans-Blot Turbo Transfect Pack (Bio-Rad
1704159) and the Trans-Blot Turbo system (Bio-Rad). Following this,
the transferred membranes were blocked in 10% skimmed milk powder
dissolved in TBS-0.1% Tween (TBS-T) (50 mM Tris-HCI (pH 8.3), 150
mM NaCl and 0.5% (v/v) Tween-20) buffer for 1 h at room temperature.
Primary antibodies NPC1 (Abcam, ab108921), HSP90 (Enzo Life Sci-
ences, ADI-SPA-835), EEA1 (BD Biosciences, 610457) and SARS spike
protein (Novus, NB100-56578SS) were diluted in 5% skimmed milk
powder dissolved in TBS-T at 1:1000 with the exception of GFP (B-2) (sc-
9996) at 1:4000, and then incubated at 4 °C overnight. After three
washes, blots were incubated with appropriate anti-horseradish perox-
idase (HRP) secondary antibody diluted in 5% skimmed milk powder
dissolved in TBS-T at 1:5000 for 1 h at room temperature. Blots then
were developed using enhanced chemiluminescence reagent (Bio-Rad)
and detected with ChemiDoc™ XRS Gel Imaging System using Image
Lab™ software (Bio-Rad).

2.7. Production of SARS-CoV-2 N protein in the baculovirus system

The sequence of the N protein published in the NCBI database was
selected (GenBank accession number: 43740575/NCBI reference
sequence number: NC_045512). The codon usage of the N encoding gene
was optimized for its expression in insect cells (OptimumGene™-Codon
Optimization algorithm) and the coding sequence for this protein was
synthesized by the company GenScript. The donor plasmid pFastBac 1
containing an expression cassette expressing the recombinant protein

under the control of the polyhedrin promoter was obtained. The Bacmid
for the generation of the baculovirus was prepared in E. coli DH10Bac
bacterial cells containing the mini-Tn-7-replicon. Bacmids were trans-
fected in Sf9 cells and a viral clone selection was made by two rounds of
plaque cloning to obtain the working virus stock. The baculovirus
genome region was sequenced to determine the integrity of the N gene in
the recombinant baculovirus named rBacN.

2.8. SARS-CoV-2 N protein production in pupae

The production of SARS-CoV-2 N protein in insect pupae (Tricoplusia
ni; T. ni) was performed as previously described (Escribano et al., 2020).
Briefly, pupae were allocated in the inoculation robot that dispensed a
maximum of 5 pl with the baculovirus titers protein in 5 days pupae
incubation time in constant temperature and humidity chambers. After
that period, pupae were collected and stored frozen, before downstream
processing. T.ni pupae containing the recombinant protein were ho-
mogenized in extraction buffer. Then, subsequent steps of clarification,
diafiltration and His-tag purification were carried, out in order to obtain
purified SARS-CoV-2 N protein. Protein concentration, yield and level of
purity were determined by SDS-PAGE analysis using 4-20% or 12%
Mini-Protean TGX precast gels from Bio-Rad. Gels were stained with QC
Colloidal stain (3 ng sensitivity) in the case of concentration and yield
evaluation and with SYPRO Ruby (1 ng sensitivity) in the case of level
purity analysis, both from Bio-Rad. Recombinant SARS-CoV-2 N protein
produced in pupae was measured by band densitometry with the
ChemiDoc™ XRS Gel Imaging System using Image Lab™ software
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(Bio-Rad). A BSA standard curve was used for quantification.

2.9. ELISA assays

High-binding 96-well ELISA plates (Nunc) were coated with 0.5 pg/
well of purified SARS-CoV-2 N protein in carbonate/bicarbonate buffer
0.05 M pH 9.6 and allowed to bind over night at 4 °C. Then, endogenous
human NPC1 and HSP90 were purified using Immobilized Recombinant
Protein G Resin (Generon) and 4 g of specific antibodies against NPC1
(Abcam, ab108921) or HSP90 (Enzo Life Sciences, ADI-SPA-835)
respectively. This procedure was performed as described in Co-IP as-
says except the elution step, that in this case was done with glycine 200
mM pH 2.5. Serial dilutions of endogenous NPC1 and HSP90 were added
to the plate and capture was allowed to proceed for 1 h at 37 °C. Sub-
sequently, plates were washed with PBS-T (PBS 0.1% Tween 20) and the
binding of NPC1 to SARS-CoV-2 N protein was detected with a rabbit
anti-NPC1 antibody (1:2000), revealed with an anti-rabbit HRP
(1:2000) using a colorimetric substrate (OPD) and finally, quantified by
absorbance at 492 nm in the EnSight multimode plate reader of
PerkinElmer.

2.10. Compounds studied

All the compounds tested in this work have a purity >95% by HPLC.
SC compounds were synthesized at Centro de Investigaciones Biol6gicas
Margaritas Salas (CIB-CSIC) following described procedures. All these
molecules belong to the Medicinal and Biological Chemistry (MBC) li-
brary (Sebastian-Pérez et al., 2017) and some of them were previously
characterized as potential inhibitors of the protein-protein interaction
between NPC1 and EBOV glycoprotein (EBOV-GP) (Sebastian-Pérez

O

U18666A
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et al.,, 2017; Lasala et al., 2021). The compounds tested in this study
(Fig. 2) were resuspended at 50 mM in DMSO. Working concentrations
of compounds were determined by cytotoxicity assays. Sulfides SC198
and SC073, and carbazole SC816, were used at working concentrations
of 50, 50 and 5 pM respectively, for the HCoV-229E-GFP experiments in
Huh-7 cells, and at concentrations of 25, 25 and 3.125 pM respectively
for the SARS-CoV-2 assay in Vero E6 cells and A549-ACE2 cells. For the
HCoV experiment in Huh-7 cells, benzothiazepine SC397, was used at a
concentration of 75 pM. For the SARS-CoV-2 experiment in Vero E6 cells
and A549-ACE2 cells, this compound was used at a concentration of 100
pM.

Class II cationic amphiphilic compound U18666A, which is a drug
that blocks cholesterol flux out of lysosomes, and also inhibits EBOV
infection (Lu et al., 2015) was also tested in this study. U18666A was
acquired from Sigma-Aldrich and used at 10 pM in Huh-7 cells or 12.5
uM in Vero E6 and A549-ACE2 cells. Imipramine, a hydrophobic amine
and FDA-approved antidepressant drug, was also acquired from
Sigma-Aldrich and used at 25 pM in Huh-7 cells or 12.5 pM in Vero E6
and A549-ACE2 cells (Herbert et al., 2015; Wichit et al., 2017).

2.11. Cytotoxicity assays

Huh-7, Vero E6 and A549-ACE2 cells were seeded in 96-well plates
and incubated with DMEM containing each compound at concentrations
ranging from 0 to 100 pM. After 24 h, cell viability was measured by Cell
Titer 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega)
following the manufacturer’s instructions. Absorbance was measured at
490 nm using an ELISA plate reader.

Cell viability was reported as the percentage of absorbance in treated
cells relative to DMSO- treated cells. The 50% cytotoxic concentration
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Fig. 2. Chemical structure of small molecules used in this study. Figure of the drugs used in this study. Imipramine, a hydrophobic amine and FDA-approved an-
tidepressant drug; the class II cationic amphiphilic compound U18666A; sulfides (SC198 and SC073), carbazole (SC816) and benzothiazepine (SC397).
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(CCsp) was calculated and non-toxic working concentrations (over 80%
cell viability) were chosen to test the activities of these compounds on
HCoV-229E-GFP and SARS-CoV-2 infected cells, respectively.

The estimation of the half maximal inhibitory concentration (ICsg)
was performed in those compounds with at least 50% efficacy and a
dose-dependent inhibition of the infection. The values of the half
maximal inhibitory concentration (ICsq) of the infection table corre-
spond to the mean of three independent experiments. The ICs values
and dose-response curves were estimated using GraphPad Prism v6.0
with a 95% confidence interval.

2.12. Evaluation of SARS-CoV-2 infection efficiency by
immunofluorescence microscopy

Vero E6 and A549-ACE2 cells were seeded onto 96-well plates as
described above and infected in the presence of the indicated compound
doses, including 1 h pre-incubation period before virus inoculation.
Multiplicity of infection (moi) was 0.01 for Vero E6 and 0.05 for A549-
ACE2 cells. Twenty-four hours post infection, cultures were fixed for 20
min at RT with a 4% formaldehyde solution in PBS, washed twice with
PBS and incubated with incubation buffer (3% BSA; 0.3% Triton X100 in
PBS) for 1 h. A monoclonal antibody against N protein was diluted in
incubation buffer (1:2000; Genetex HL344) and incubated with the cells
for 1 h, time after which the cells were washed with PBS and subse-
quently incubated with a 1:500 dilution of a goat anti-rabbit conjugated
to Alexa 488 (Invitrogen-Carlsbad, CA). Nuclei were stained with DAPI
(Life Technologies) during the secondary antibody incubation using the
manufacturer’s recommendations. Cells were washed with PBS and
imaged using an automated multimode reader (TECAN Spark Cyto;
Austria). Overall infection efficiency was determined by determining the
total fluorescence per well, using vehicle-treated cells (DMSO) and
mock-infected cells as reference values.

2.13. Flow cytometry analysis

Detection of HCoV-229E-GFP infected cells was performed by flow
cytometry. Huh-7 cells were pre-treated with compounds at the indi-
cated concentrations in growth medium for 1 h at 33 °C, followed by
infection with HCoV-229E-GFP at a multiplicity of infection (moi) of 1
pfu/cell for 24 h. Cells were washed twice with growth medium after 90
min of adsorption at 33 °C, and incubated with DMEM 10% for 24 h.
Cells were then harvested with PBS-EDTA 5 mM, and diluted in PBS.
Detection of HCoV-229E-GFP infected cells was performed by analyzing
GFP expression. In order to determine the percentage of infected cells
per condition, 15,000 cells/time point were scored using FACS Canto II
flow cytometer (BD Sciences) and analyzed using the FlowJo software.
Untreated control infected cultures yielded 75-90% of infected cells
from the total cells examined. Infected cell percentages obtained after
drug treatments were normalized to DMSO values.

2.14. Recombinant pseudotype rVSV-G infection assay

We used a replication-deficient recombinant Vesicular stomatitis
virus luciferase (rVSV-G-luc) pseudotype that contains firefly luciferase
instead of the VSV-G as described above. Vero E6 cells (1 x 10% cells/
well) were seeded onto 96-well plates the day before. Compounds were
diluted in 2% complete medium to achieve the final concentration.
Compound dilutions were applied to the cell cultures 1 h before virus
inoculation. Pretreatment was removed and fresh compound dilutions
containing the rVSV-G-luc pseudotype were used to inoculate the cul-
tures for 24 h. Twenty-four hours post-inoculation, cells were lysed for
luciferase activity determination using Steady-Glo Luciferase Assay
System (Promega, Madison, USA) and luminescence was quantified in
the EnSight multimode plate reader of PerkinElmer (Waltham, USA).
Relative infection values were determined by normalizing the data to
the average relative light units detected in DMSO- treated cells.
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2.15. Statistical analysis

The experimental data was analyzed by one-way ANOVA by Graph
Pad Prism 6 software. For multiple comparisons, Bonferroni’s correction
was applied. Values were expressed in graph bars as mean + SD of at
least three independent experiments unless otherwise noted. A p value
<0.05 was considered as statistically significant.

3. Results
3.1. Interaction of SARS-CoV-2 N protein with NPC1

Given a first attempt to detect interaction between SARS-CoV-2 spike
glycoprotein (S), the outer receptor interacting protein, and NPC1 failed
(Fig. S1), we further investigated the interaction of SARS-CoV-2
Nucleoprotein (N) with NPC1. SARS-CoV-2 N protein was expressed as
an EGFP-fusion protein (EGFP-N) in HEK 293T cells in order to perform
immunoprecipitations (IP) to study their potential as interacting part-
ners (Fig. 1A). Similar approaches have been used to detect the protein
interaction partners for other viral proteins such as the EBOV nucleo-
protein (NP) or viral protein VP24 (Garcia-Dorival et al., 2014, 2016).
HEK 293T cells were selected for this study due to their high efficiency of
transfection, being the line of choice for protein-protein interaction
studies of several viruses including SARS-CoV-2 (Gordon et al., 2020).

Protein expression of EGFP-N and EGFP, which was used as a control,
was confirmed by fluorescence and Western blot analysis (Fig. 1B and
C). Then, proteins were extracted from lysed cells (input sample) and
assayed for IP using a high affinity EGFP immunoprecipitation kit (GFP-
Trap). After IP, both input and bound (or elution) samples were analyzed
by Western blot; proteins corresponding to the molecular weight of
EGFP-N (70 kDa) and the EGFP (27 kDa) were detected using an anti-
EGFP antibody (Fig. 1C). NPC1, as an endogenous protein, was also
detected in both input samples (EGFP-N and EGFP); but only in the
bound fraction of EGFP-N sample (Fig. 1C).

3.2. Validation of SARS-CoV-2 N interaction with NPC1

To validate the specific interaction between EGFP-N and NPC1, two
cellular proteins were selected as controls. In this case, HSP90 chap-
erone and endosomal protein EEA1 were used as load and negative
controls respectively (Fig. 1C). To further validate the interaction be-
tween SARS-CoV-2 N and NPCI1, co-immunoprecipitations (Co-IP or
reverse pull downs) against NPC1 were performed using protein G-beads
and specific monoclonal antibodies against NPC1 (Fig. 1D). Bound
samples obtained from the Co-IP were then analyzed by Western blot,
which confirmed the presence of SARS-CoV-2 N (Fig. 1D).

To further investigate the interaction between NPC1 and SARS-CoV-
2 N protein, an ELISA assay was designed using an antibody against
NPC1. A dose-dependent positive reaction was observed when we
increased concentrations of NPC1 in plates coated with SARS-CoV-2 N
protein, while control protein HSP90 yielded no signal (Fig. S4).

3.3. Functional assays

We further tested this interaction by using different small molecules,
some of these compounds were able to target NPC1 in different regions.
An example of these is imipramine, a Food and Drug Administration
(FDA)-approved drug, which inhibits EBOV infection by targeting NPC1
(Rodriguez-Lafrasse et al., 1990). Also, as a reference drug, we used the
U18666A compound (Fig. 2), a well-known compound that inhibits the
cholesterol transport function of NPC1. This compound also has an effect
on the entry of several infectious viruses including EBOV and African
swine fever virus (ASFV) (Lu et al., 2015; Tang et al., 2009; Wichit et al.,
2017; Cuesta-Geijo et al., 2016).

In addition to this, we studied whether other small molecules known
to disrupt the interaction between NPC1 and other viral proteins (e.g.
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EBOV-GP), could affect the interaction between NPC1 and SARS-CoV-2.
In order to do this, we assayed a set of antiviral compounds that were
initially selected using a computational technique called virtual
screening from the MBC chemical library and focused on the EBOV-GP/
NPC1 interaction (Lasala et al., 2021). Noteworthy, sulfides SC073 and
SC198 as well as carbazole SC816 (Fig. 2) are known to disturb the NPC1
domain C-GP interaction in an ELISA assay (Lasala et al., 2021), while
benzothiazepines SC397 do not affect this interaction in the same assay.
Based on these results, the three classes of small molecules were
included in our study for comparative purposes.

To functionally characterise this interaction, these selected small
molecules were assayed as inhibitors of human coronavirus (HCoV)
infections, specifically against HCoV-229E-GFP and SARS-CoV-2 infec-
tion. First, Huh-7 cells were pre-treated with indicated doses of com-
pounds or DMSO and infected with 1 pfu/cell for 24 h at 33 °C as
described in Materials and Methods. Then, cells were harvested and
HCoV-229E infection scored by GFP expression in flow cytometry.
Treatment with U18666A, imipramine, sulfides (SC073 and SC198) and
carbazole SC816 yielded significant inhibition >96% of HCoV-229E-
GFP infection at micromolar concentrations, while benzothiazepine
SC397 showed weak inhibition at 75 pM (Fig. 3A) and no remarkable
effect at lower concentrations (Fig. S6A and S6B).

The estimation of the half maximal inhibitory concentration (ICsg)
was performed in those compounds with at least 50% efficacy. The dose-
dependent inhibition curves of the infection (Fig. 3B) were analyzed in
order to calculate the values of the ICsy (Fig. 3C). A good selectivity
index (CCs0/ICs0) was obtained for all the inhibitory compounds.
Carbazole SC816 and sulfides (SC198 and SC073) exhibited selectivity
index values of 8.99, 43.13 and 151.48 respectively; being the most
effective sulfide SC073. Dose-response effects for these chemicals are
included in Fig. S6B.

Interestingly, the antiviral activity against HCoV-229E-GFP of com-
pounds U18666A, imipramine, SC198, SC073 and SC816 in Huh-7 cells,
was confirmed using SARS-CoV-2 infection in Vero E6 (Fig. 4A and S7A)
and A549-ACE2 cells (Fig. 4D and S7B).

Sulfides SC198 (25 pM) and SC073 (25 pM) decreased infectivity to
13% and 10% respectively, while carbazole SC816 (3.125 pM) to 2%.
Benzothiazepine SC397 (100 pM) did not show any effect in SARS-CoV-2
infection efficiency in Vero E6 cells (Fig. S7A).

Dose inhibition curves and ICsy values were estimated for those
compounds that decrease significantly the infection efficiency in Vero

A B
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E6 cells (Fig. 4B and C) finding potent antiviral compounds. To obtain
CCsp and the selectivity index the values of the cytotoxicity assay were
used. Cytotoxicity assay results are shown in Fig. S5B. In this case, the
selectivity index values of these compounds ranged from 6 to 10
(Fig. 4C).

In order to verify the antiviral activity of these compounds in human
cell lines, infection experiments were performed in human lung carci-
noma A549 cells constitutively overexpressing ACE2 (A549-ACE2).
These results revealed a robust antiviral activity for SC816, SC198 and
SCO073 in this infection model, as well as for U18666A and Imipramine as
expected. Interestingly, benzothiazepine SC397 showed no antiviral
activity in both HCoV independently of the cell type used. As SC397 do
not affect NPC1 interaction, these results are in agreement with our
hypothesis.

While effective compounds inhibited between 80 and 99% SARS-
CoV-2 infection, in Vero-E6 we detected much less inhibition using
the RNA virus VSV-G, that preferentially enters the cell at the level of the
early endosome (Fig. S8).

4. Discussion

This study found a novel interaction between the SARS-CoV-2 N
protein and NPC1. The SARS-CoV-2 N protein is a structural protein that
binds to the viral RNA conferring stability by forming a helical ribonu-
cleoprotein complex named nucleocapsid (Mariano et al., 2020; Ye
et al.,, 2020). Even though the main function of the SARS-CoV-2 N
protein is to bind to the RNA, other functions during the SARS-CoV-2
replication have been described for the N protein including acting as
an antagonist of interferon signalling (Mu et al., 2020). Therefore,
further studies need to be done in order to fully understand the role of
the N protein in SARS-CoV-2.

NPC1, is a late-endosomal membrane protein required for transport
of cholesterol into cells (Li et al., 2016, Scott and Ioannou, 2004). Mu-
tations in the NPC1 gene result in the Niemann-Pick disease, which is a
rare disease that cause an accumulation of cholesterol in the endo-
somal/lysosomal system (Carstea et al., 1997, Scott and loannou, 2004).

It has been reported that some viruses might use/need NPC1 at some
stages of their infectious cycle. Therefore, the interaction of drugs with
NPC1 protein can result in a severe reduction of viral infection.

EBOV is an example of an important pathogenic virus that uses
NPC1, in this particular case, as a host receptor (Carette et al., 2011;
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Fig. 3. Activity of selected small-molecules against HCoV-229E-GFP. (A) Infectivity of HCoV-229E-GFP (229E-GFP) in Huh-7 cells at 24 hpi measured by GFP

fluorescence percentages relative to the controls in cells pretreated 1 h before infection with the small molecules at the indicated concentrations or DMSO (

*p <

0.0001). (B) Normalized dose-response sigmoidal curve displaying dose values at nM scale on X axis and % of infection inhibition on Y axis using GraphPad 6. (C)
ICs values (uM) were determined for those compounds with higher inhibitory effect. The curves for the determination of CCso in Huh-7 cells are shown in Fig. S5A.
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Fig. 4. Activity of selected small molecules inhibitors of NPC1 and related compounds against SARS-CoV-2. Infectivity of SARS-CoV-2 in (A) Vero E6 and (D) A549-
ACE2 cells at 24 hpi measured by immunofluorescence microscopy. The percentage of infection efficiency was determined by determining the total fluorescence per
well, using vehicle-treated cells (DMSO) and mock-infected cells as reference values. Normalized dose-response sigmoidal curve displaying dose values at nM scale on
X axis and % of infection inhibition on Y axis using GraphPad 6 in (B) Vero E6 and (E) A549-ACE2. ICs, values (M) were determined for these compounds for (C)
Vero E6 and (F) A549-ACE2. The curves for the determination of CCsq in Vero E6 and A549-ACE2 cells are shown in Fig. S5B and S5C respectively.

Coté et al., 2011). EBOV entry is mediated by the viral glycoprotein (GP)
which is organized in trimeric spikes at the viral surface (White et al.,
2008). NPC1 binding requires the processing of viral GP. GP cleavage by
endosomal cathepsins unmasks the binding site for NPC1 by removing
heavily glycosylated C-terminal residues and the glycan cap to produce
the cleaved form of the N-terminal receptor binding subunit GP1 (GP¢p).
Finally, GP¢ -NPC1 binding within endosomes is required to mediate
fusion and viral escape into the host cytoplasm (Carette et al., 2011; Coté
et al., 2011). Thus, this protein is acting as a true intracellular receptor
(Miller et al., 2012). Therefore, NPC1 could be used as an important
druggable target for EBOV (Coté et al., 2011).

Another example is HCV, in this virus there is evidence that HCV
RNA replication depends on NPC1 and its function as lipid transporter
along the endosome-lysosomal pathway (Stoeck et al., 2018). Moreover,
inhibition of NPC1 by CRISPR/Cas9 system was reported to reduced
HCV viral replication (Stoeck et al., 2018).

It has been found as well, that compounds able to interfere with
NPC1 can affect viral replication for several viruses. Compound
U18666A, extensively used as a pharmacological tool to study the role of
NPC1, blocks intracellular cholesterol efflux mediated by NPC1. It has
been demonstrated that U18666A can affect DENV entry and trafficking

(Poh et al., 2012). Besides, this compound its known to severely impair
the infections caused by EBOV (Coté et al., 2011; Herbert et al., 2015; Lu
et al., 2015), HIV (Tang et al., 2009), DENV (Jupatanakul et al., 2014;
Poh et al., 2012), CHIKV (Wichit et al., 2017), and ZIKV (Sabino et al.,
2019). In the present study, compound U18666A (10 or 12.5 pM) also
induced a considerable reduction of HCoV infections including
229E-GFP (97% of inhibition, CC5¢p = 36.56) and 99% of SARS-CoV-2
inhibition in Vero E6 (CCso > 100) and 94% of inhibition in
A549-ACE2 cells (CCso = 71.77).

In this work, we have identified NPC1 as cellular protein interactors
of SARS-CoV-2-N protein, thus being a potential drug target for SARS-
CoV-2 infection. Therefore, the inhibition of this interaction could
impair SARS-CoV-2 infection, with the subsequent decrease of virus
spread. Furthermore, we have also tested in this study some reported
antiviral compounds that interact with NPC1. These compounds are
known to have an effect on EBOV replication; potentially acting by
disruption of the interaction between EBOV-GP and NPC1, such as sul-
fides SC073 and SC198 and carbazole SC816.

In this study, it was found that imipramine, sulfides (SC073, SC198)
and carbazole SC816 inhibited over 95% the infection of SARS-CoV-2 in
Vero-E6 and A549-ACE2 with an inhibitory concentration 50 (ICsp) at
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the low micromolar range while benzothiazepine SC397 showed no
significant inhibition (Fig. 4). Additionally, we have also included in our
study benzothiazepine SC397 as a negative control because it showed no
disruption of the above mentioned interaction (Galindo et al., 2021;
Lasala et al., 2021). In fact, SC397, reported as unable to interact with
NPC1, showed no inhibition of HCoV. This highlights the specificity of
the interaction and the inhibitor drugs thereby. In addition to this,
another assay testing the compounds was performed using VSV, which
needs an early/less acidic endosomes as reported (Lay Mendoza et al.,
2020; White and Whittaker, 2016). As expected, no severe impact was
observed in the infection compared to HCoV-229E-GFP and SARS-CoV-2
(Fig. S8). In fact, the localisation of NPC1 in the late endosomes may
explain why these compounds might be less relevant for VSV-G-driven
entry, which occurs preferentially at early endosomes. VSV-G is also
able to penetrate into the cytoplasm through the intraluminal vesicles
(ILV) of endosomal transport intermediates, called multivesicular bodies
(MVBs)(Le Blanc et al., 2005). This could explain why these compounds
still have some impact in VSV-G infection.

It is not clear yet the specific role of NPC1 during SARS-CoV-2
infection, and therefore further studies need to be done. However,
there are some preliminary studies that show that NPC1 can have a role
during SARS-CoV-2 infection (Daniloski et al., 2021; Vial et al., 2021).
An example of this is the report of Daniloski et al. (2021), were they used
a genome -scale CRISPR loss of function for several proteins and they
found that NPC1 was a host factor required for SARS-CoV-2 infection.

One possibility is that similarly to EBOV, SARS-CoV-2 could traffic
the endocytic pathway inside the early and late endosomes (LE) to
finally fuse with lysosomes, an essential stage for viral uncoating and
fusion (Ballout et al., 2020). Therefore, viral infection can be abrogated
by drugs interfering endosome acidification, as previously evidenced
(Ou et al., 2020). Also, SARS-CoV-2 pseudovirions infection is inhibited
by drugs targeting late endosome proteins, such as cathepsin L, two-pore
channel 2 (TPC2), or PIKfyve. Inhibitors targeting these proteins
dramatically reduce infection, indicating that those are crucial host
factors for endocytosed SARS-CoV-2 entry (Ou et al.,, 2020; Galindo
et al.,, 2021). LE/lysosomes are relevant organelles to develop thera-
peutic targets against infection (Daniloski et al., 2021; Sturley et al.,
2020; Tang et al., 2020; Zhou et al., 2020).

In addition to this, for other coronavirus, such as Infectious bron-
chitis virus (IBV), N protein is involved in immune regulation but also
plays key roles in viral replication such as binding to viral RNA (Fan
et al., 2005), and unwinds double-stranded nucleic acid acting as an
RNA chaperone (Ztniga S, 2007). It is involved in the RNA packaging
into new virions and assembly, thus, can be detected at replication sites.
These replication sites are originated from endoplasmic reticulum (ER)
membranes, budding from the ERGIC (ER-Golgi intermediate compart-
ment) (Cong et al., 2020; Stertz et al., 2007) and are called double
membrane vesicles (DMVs), partially opened by a molecular pore for
RNA export (Wolff et al., 2020).

Importantly, the generation of these DMVs require massive reorga-
nization of cholesterol enriched intracellular membranes, similar to
HCV. HCV replication in ER-derived DMVs, depends on intact lipid
transport from the endolysosomal compartment. Since ER is poor in
cholesterol content (Holthuis and Menon, 2014), HCV usurps the
cholesterol transporter NPC1, located at the late endosomal compart-
ment, to collect cholesterol to the replication sites, ensuring its stability
(Stoeck et al., 2018). A similar mechanism could be shared by
SARS-CoV-2 in order to maintain the integrity of the replication vesicles
via the N-NPC1 interaction as a cholesterol supplier to the viral repli-
cation complex.

A recent study discovered that SARS-CoV-2 non-structural protein 7
interacts with the late endosomes (LE)-associated GTPase Rab7a, and its
depletion causes retention of ACE2 receptor inside endosomes (Gordon
et al., 2020). All these studies coincided to highlight the importance of
the endosomal pathway in SARS-CoV-2 infection. Furthermore, there
are other reports supporting the relevance of several proteins involved in
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cholesterol regulation, including NPC1 in SARS-CoV-2 infection (Dan-
iloski et al., 2021). These studies support our findings. Also, the
cholesterol biosynthesis pathway is downregulated at infection and,
drug treatments that regulate this pathway impact the infection
(Hoagland et al., 2020). Finding a similar potential cellular target shared
by different viruses can be very useful as one can use the same/similar
compound to treat several diseases.

Due to recent evidence, and according to other authors suggesting
the important role of NPC1 in SARS-CoV-2 infection (Ballout et al.,
2020; Daniloski et al., 2021; Hoagland et al., 2020; Sturley et al., 2020;
Vial et al., 2021), here we propose NPC1 as a potential therapeutic target
for SARS-CoV-2 to combat COVID-19 pandemic. In this study, we have
shown for first-time experimental evidence of the interaction of
SARS-CoV-2-N and NPC1. These results were corroborated by using
different chemical tools able to interact with NPC1 opening new avenues
for antiviral development. In view of this important finding, future
medical and therapeutic efforts will be directed to this target and to the
regulation of cellular cholesterol in SARS-CoV-2 infection.

5. Conclusion

Here we reported for the first time the interaction between SARS-
CoV-2 N protein and NPC1. This interaction unveiled a novel host-
based target for antivirals and a potential host factor for SARS-CoV-2
infectivity. As in other viruses, this interaction could possibly regulate
the entry from LE and/or modify cholesterol efflux from LE and alter the
lipid composition of replicative membranes for its own benefit (Cher-
nomordik and Kozlov, 2008).

These results are of utmost importance because finding a similar
potential cellular target shared by different viruses can be very useful for
the development of broad-spectrum antivirals.
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