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A B S T R A C T

The recent COVID-19 pandemic poses a global health emergency. Cellular entry of the causative agent SARS-CoV-2
is mediated by its spike protein interacting with cellular receptor-human angiotensin converting enzyme 2 (ACE2).
Here, by using lentivirus based pseudotypes bearing spike protein, we demonstrated that entry of SARS-CoV-2 into
host cells was dependent on clathrin-mediated endocytosis, and phosphoinositides played essential roles during this
process. In addition, we showed that the intracellular domain and the catalytic activity of ACE2 were not required
for efficient virus entry. Finally, we showed that the current predominant Delta variant, although with high
infectivity and high syncytium formation, also entered cells through clathrin-mediated endocytosis. These results
provide new insights into SARS-CoV-2 cellular entry and present proof of principle that targeting viral entry could
be an effective way to treat different variant infections.
1. Introduction

Since the beginning of this century, there have been three beta-
coronaviruses crossed the species barrier to cause severe respiratory
diseases. In 2002–2003, severe acute respiratory syndrome coronavi-
rus (SARS-CoV) infected 8096 people and caused 774 deaths (de Wit
et al., 2016). In 2012, Middle East respiratory syndrome coronavirus
(MERS-CoV) was discovered as the causative agent of a severe respi-
ratory syndrome in the Middle East area and as of January 2020, more
than 2500 people were diagnosed with MERS, with 866 associated
deaths (Alotaibi and Bahammam, 2021). In late 2019, a novel coro-
navirus, named SARS-CoV-2 emerged and soon transmitted to cause a
global pandemic. All three coronaviruses are believed to originate
from bats but zoonotic transmission might involve different interme-
diate hosts. With numerous coronaviruses in bats, it is likely that
coronavirus crises will continue to occur in the foreseeable future (Hu
et al., 2015). Due to accumulated mutations and selection pressures
during circulating, SARS-CoV-2 has evolved to different variants,
among which, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1) and Delta
(B.1.617.2) have been listed as variants of concern (VOCs) by the
Wang).
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WHO (WHO, 2021). Delta variant is currently the predominant variant
of virus worldwide and it is more infectious with increased trans-
missibility compared to other variants and has been reported to have
reduced sensitivity to antibody neutralization (Mlcochova et al., 2021;
Planas et al., 2021).

Cellular entry of coronavirus is mediated by its spike glycoprotein (S)
interacting with cellular receptors. The sequences of SARS-CoV and
SARS-CoV-2 S protein are conserved and numerous studies have shown
that they both exploit the same receptor, angiotensin-converting enzyme
2 (ACE2) (Hoffmann et al., 2020; Ou et al., 2020; Walls et al., 2020;
Wrapp et al., 2020). Different from SARS-CoV, however, the S protein of
SARS-CoV-2 was efficiently processed into two subunits, S1 and S2,
which mediates attachment and membrane fusion, respectively (Hoff-
mann et al., 2020; Walls et al., 2020). Structural analysis showed that S
protein formed trimer with the receptor-binding domain exposed up for
easy receptor accessibility (Walls et al., 2020; Wrapp et al., 2020). ACE2
is a type I transmembrane protein with an extracellular domain with
homology to ACE and a short cytoplasmic tail (Hamming et al., 2007;
Lambert, 2009). It is a zinc metalloprotease that catalyzes the cleavage of
Ang I to Ang1–9, but this catalytic activity has been shown not to be
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required for spike induced syncytia formation in SARS-CoV infection (Li
et al., 2003).

The entry of enveloped viruses into cells is known to occur via two
primary pathways, i.e. direct membrane fusion at the cell surface or
endocytosis, and endocytosis is thought to be a pH-sensitive process
(Barocchi et al., 2005). The endocytic pathways exploited by animal vi-
ruses to gain entry into host cells include clathrin-mediated endocytosis
(CME), caveolae-dependent endocytosis, as well as poorly characterized
routes such as clathrin- and caveolae-independent endocytosis (Kumari
et al., 2010). Spike of SARS-CoV, MERS-CoV or SARS-CoV-2 can be
triggered to fuse either at the plasma membrane or the endosomal
membrane depending on protease availability (Tang et al., 2020; Koch
et al., 2021). In addition, SARS-CoV has been shown to enter host cells
via direct membrane fusion, CME or non-clathrin, non--
caveolae-mediated endocytosis (Ng, 2003; Inoue et al., 2007; Wang et al.,
2008), suggesting the virus might employ various strategies to expand its
cellular tropism. Similarly, SARS-CoV-2 cellular entry has also been re-
ported to depend on different proteases (Hoffmann et al., 2020; Ou et al.,
2020).

Phosphoinositides (PI) are known to be involved in the whole process
of endocytosis (Kaksonen and Roux, 2018), and of note, PI(4,5)P2 has
been thought to be the most important PI during CME (Itoh and Taken-
awa, 2004; Haucke, 2005; Zoncu et al., 2007; McMahon and Boucrot,
2011; Posor et al., 2015). A recent study demonstrated that a successive
PI molecular conversions accompanies the clathrin-coated pit assembly,
budding and uncoating with PI(4,5)P2, PI4P, PI(3,4)P2 function at
different stages of CME (He et al., 2017). Interestingly, SARS-CoV has
been reported to require phosphatidylinositol 4-kinase beta (PI4KB) for
cell entry and depletion of PI4P by phosphoinositide phosphatase Sac1
inhibited viral entry (Yang et al., 2012), suggesting a role of PI4P during
viral entry. In contrast, inhibitors targeting PI(3,5)P2 blocked
SARS-CoV-2 viral entry (Ou et al., 2020). Whether other PI molecules are
required for SARS-CoV-2 entry is still unknown.

Here we demonstrated that SARS-CoV-2 as well as the Delta variant
entered cells via CME, but independent of caveolae-mediated endocy-
tosis. Distinct from SARS-CoV, SARS-CoV-2 did not seem to require lipid
rafts for infection of Huh7 cells. In addition, phosphatidylinositol mole-
cules PI4P and PI(4,5)P2 also played essential roles during virus entry.
Finally, we showed that the cytoplasmic domain and the enzymatic ac-
tivity of ACE2 were not required for SARS-CoV-2 entry. Our data provide
new insights into SARS-CoV-2 cellular entry and present potential targets
for drug development.

2. Materials and methods

2.1. Cell lines and constructs

Huh 7, Vero E6 and 293T cells were grown in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), nonessential amino acids, 100 U/mL of penicillin, and 100 μg/mL
of streptomycin.

ACE2, Sac1 and inositol polyphosphate-5-phosphatase E (INPP5E)
were amplified from cDNA library prepared with Huh 7 cells and each
was cloned into a lentiviral expression vector pSMPUW. ACE2 truncation
and mutants were obtained with overlap extension PCR amplification.
Codon-optimized spike of SARS-CoV-2 (accession number: QLH58144.1)
was purchased from GenScript (Cat#: MC_0101081) and subcloned to
pcDNA3.1. Spikefur/mut (Q677TILRSV683) was obtained with overlap
extension PCR amplification and Spikedelta (L452R, T478K, and P681R)
was obtained with Gibson Assembly (NEBuilder HiFi DNA Assembly). All
primers used were listed in Supplementary Table S1. All constructs were
confirmed by sequencing.

293T-ACE2 stable cell lines were generated by transfecting 293T cells
with pSMPUM-ACE2 and selected with blasticidin. Antibiotic-resistant
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single clones were screened with immunoblotting and high ACE2-
expressing clones were expanded for future use.

2.2. Antibodies and reagents

Antibodies used in this study include: SARS-CoV-2 spike
(#GTX632604, GeneTex, Taiwan, China), HA tag (#3724, Cell Signaling
Technology, Danvers, MA), early endosomal antigen 1 (EEA1, #3288,
Cell Signaling Technology, Danvers, MA), HIV-p24 (#11695-R002,
SinoBiological, Beijing, China), β-actin (#AC006, ABclonal, Woburn,
MA), TMPRSS2 (sc-515727) and clathrin heavy chain (CHC, sc-12734)
(Santa Cruz Biotechnology, Dallas, TX), caveolin-1 (CAV1, #16447-1-
AP, Proteintech, Chicago, IL) and ACE2 (#CY5787, Abways Technology,
Shanghai, China). PI4P (#Z-P004) and PI(4,5)P2 (#Z-A045) antibodies
were purchased from Echelon Biosciences.

DAPI (#D1306), Alexa Fluor conjugate cholera toxin subunit B (CTB,
#C34775) and Alexa Fluor conjugated secondary antibodies for micro-
scopy experiments were purchased from Life Technologies.

Chloroquine (#C6628), ammonium chloride (#254134), bafilomycin
A1 (#19–148), chlorpromazine (CPZ, #C8138), filipin III (#F4767),
methyl-β-cyclodextrin (MβCD, #C4555) were purchased from Sigma.
Pitstop (#ab120685) was purchased from Abcam. PIK93 (#HY-12046),
Wortmannin (#HY-10197), camostat mesylate (#HY-13512) and E�64d
(#HY-100229) were purchased from MedChemExpress.

2.3. Pseudovirus preparation and titration

Pseudovirus was prepared with a previously described protocol (Ou
et al., 2020) with minor modification. Briefly, 293T cells were
co-transfected with lentiviral packaging plasmid psPAX2, pSMPUW
engineered with either GFP or NanoLuc luciferase and glycoprotein
expressing plasmid (pcDNA3.1-Spike, pMD2.G, or empty vector). At
48 h, 68 h post-transfection, virus supernatants were harvested and
filtered through 0.45 μm pore-size filters. Viral supernatants were then
used directly or concentrated through centrifuging at 100,000�g for 2 h
in Himac ultracentrifuge S52ST rotor at 4 �C over a 20% sucrose solution,
and virus stocks were resuspended with PBS and frozen at �80 �C. To
titrate virus, RNAs from virus supernatant or concentrated virus stock
were first extracted with viral RNA extraction kit (Tiangen, China) and
reverse transcribed with RevertAid Reverse Transcription kit (Thermo
Fisher Scientific). cDNAs from viral stock as well as series dilution of
psPAX2 construct were quantitated with qPCR with primers targeting the
gag encoding region (Supplementary Fig. S1C). A standard curve was
generated with psPAX2 serial dilutions (Supplementary Fig. S1D) and the
amount of virus in viral stock was interpolated and expressed as genome
equivalents/mL (GEqs/mL). The primers used are listed in Supplemen-
tary Table S2.

2.4. Pseudovirus entry and inhibition study

Unless otherwise indicated, Huh 7 cells were used for entry assays. To
transduce cells with pseudovirus, cells seeded in 24-well plate were
inoculated with 30 μL of concentrated pseudovirus. About 36 h post-
inoculation, cells were lysed and NanoLuc luciferase activity was
measured with Nano-Glo® Luciferase Assay System (Promega, Madison,
WI) according to manufacturer’s instructions using a Synergy Neo 2 plate
reader (BioTek, Winooski, VT). For phosphatase inhibition test, 293T-
ACE2 cells were first transfected with Sac1 or INPP5E. And 30 h later,
cells were split for immunoblotting and pseudovirus transduction. For
ACE2 mutant assay, 293T cells were transfected with ACE2 or the indi-
cated ACE2 mutant and 30 h later, cells were split for immunoblotting
and pseudovirus transduction. For cells transduced with GFP pseudovi-
rus, photos were taken at 56 h post-inoculation. For virus entry inhibition
studies, cells were pretreated with indicated concentrations of inhibitors
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for 1 h at 37 �C before pseudovirus inoculation. NanoLuc luciferase ac-
tivity was measured as described above.

2.5. Immunoblotting and qPCR

Immunoblotting and qPCR were carried out as previously reported
(Yang et al., 2021). Briefly, for immunoblotting, cells were lysed with
LDS sample buffer (Thermo Fisher Scientific) and subjected to SDS-PAGE
followed by transferring to a PVDF membrane. The blots were then
probed with indicated antibodies and bands were visualized with
SuperSignalTM West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific). For S protein incorporation test, pseudoviruses were
first ultracentrifuged as described above and then subjected to
SDS-PAGE. To quantify phosphatidylinositol 4-kinase β (PI4KB) mRNA,
total RNAs from control or shRNA transduced cells were extracted with
GeneJET RNA Purification Kit and then reversed transcribed with
random primer and RevertAid Reverse Transcription kit (Thermo Fisher
Scientific). Quantification was performed by real-time quantitative PCR
with SYBR Mix (Genstar qPCR Master Mix) using specific primers listed
in Supplementary Table S2.

2.6. Immunofluorescence staining

Immunofluorescence staining (except for ACE2 staining) was per-
formed as described in (Yang et al., 2021). Images were taken with a
Nikon C2 laser scanning confocal microscope in sequential scanning
mode to limit crosstalk between fluorochromes. Quantitative colocali-
zation was analyzed by NIH Image J with JACoP plugin (Bolte and
Cordelieres, 2006). To stain ACE2 andmutants expression on cell surface,
cells were fixed without any detergent treatment to keep cell membrane
intact. Cells were then stained with anti-ACE2 antibody followed by
Alexa-488 goat anti-rabbit secondary antibody.

2.7. shRNA knockdown or CRISPR knockout cell lines construction

VSV-G pseudotyped shRNA or CRISPR lentiviruses were produced as
previously reported (Yang et al., 2021). Briefly, 293T cells were
co-transfected with psPAX2, pMD2.G and pLKO.1-Puro based shRNA or
pLentiCRISPR V2 based sgRNA lentiviral vectors and supernatants were
harvested and used for transduction. sgRNA sequences and shRNA se-
quences used were listed in Supplementary Table S3. Cells transduced
with lentiviral particles were then selected with puromycin for stable cell
lines.

2.8. Statistical analysis

All values represent means � standard deviations and represent the
results of a minimum of three independent experiments. Where appli-
cable, the two-tailed Student’s t-test was used to compare the means of
control and experimental groups.

3. Results

3.1. Incorporation of S protein into pseudovirus and infection of
pseudovirus on different cells

Pseudovirus has been widely used to mimic the entry of real virus and
is a powerful tool for studying early events in the life cycle of a virus. We
here employed a lentivirus-based pseudovirus to study the entry of SARS-
CoV-2. A codon-optimized cDNA encoding the S protein was employed,
and the C-terminal last 19 amino acids, which contain an endoplasmic
reticulum retention signal were replaced with FLAG tag (Supplementary
Fig. S1A). We first showed that codon-optimization enhanced S protein
expression in 293T cells (Supplementary Fig. S1B). In addition, consis-
tent with previous reports (Hoffmann et al., 2020; Ou et al., 2020; Walls
et al., 2020), the S protein was processed and two major bands were
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observed, reflecting the full-length and cleaved S proteins respectively
(Supplementary Fig. S1B). To confirm S protein was efficiently incor-
porated into the pseudoviral particles, S protein-bearing pseudoviruses (S
pseudoviruses) were pelleted by ultracentrifugation and tested against
anti-spike antibody (Fig. 1A). The results showed that S protein was
incorporated into viral particles and the majority of S proteins on pseu-
dovirus were also cleaved, further suggesting the S protein was efficiently
processed in host cells.

Next, we tested whether these S pseudoviruses were able to transduce
host cells. For this purpose, we infected 293T, Vero E6, Huh 7 and 293T
cells overexpressing ACE2 (293T-ACE2) with S or VSV-G protein pseu-
dovirus containing a luciferase reporter gene. While VSV-G pseudovirus
could transduce all four cell types efficiently, S pseudovirus showed
different transduction on these cells (Fig. 1B). First, 293T cells could be
transduced by S pseudoviruses, although at low level compared to other
cells. On the other hand, overexpression of ACE2 in 293T cells signifi-
cantly enhanced S pseudovirus infection. Immunoblotting showed that
there was low level of ACE2 expression in 293T cells, while 293T-ACE2
had significantly enhanced ACE2 expression (Fig. 1C). These results
revealed a correlation between ACE2 expression and S pseudovirus
transduction, suggesting SARS-CoV-2 utilizes ACE2 as a receptor.
Although both Vero E6 and Huh 7 cells had moderate ACE2 expression
and could be transduced by S pseudovirus efficiently, Huh 7 gave more
than two-fold luciferase activity than Vero E6 cells (Fig. 1B and C).
Similarly, GFP-expressing pseudoviruses also transduced the above cells
lines successfully and Huh 7 cells showed more positive cells than Vero
E6 cells (Fig. 1D). Therefore, Huh 7 was chosen for the following viral
entry studies.
3.2. S pseudovirus enters cells via CME

The entry of SARS-CoV-2 into host cells requires the activation of its
surface spike protein by cell surface serine protease TMPRSS2 or endo-
somal cysteine proteases cathepsin B/L (Hoffmann et al., 2020). We next
tested whether SARS-CoV-2 entry into Huh 7 cells could be blocked by
TMPRSS2 inhibitor, camostat mesylate or cathepsin inhibitor, E-64d.
Fig. 2A showed that camostat mesylate did not interfere with
SARS-CoV-2 entry into Huh 7 cells, which was blocked by E-64d in a
dose-dependent manner. Cellular ATP content measurement showed that
neither drug caused cytotoxicity (Supplementary Fig. S2A). Consistent
with this, we found that Huh 7 cells had relatively low TMPRSS2
expression compared to Caco2 cells (Supplementary Fig. S2B), which has
been shown to be sensitive to camostat mesylate (Hoffmann et al., 2020).
These results suggested that SARS-CoV-2 could use endosomal proteases
for spike priming during Huh 7 cell infection. We then tested whether
SARS-CoV-2 could enter cells via endocytosis. In contrast to direct
membrane fusion, endocytosis is thought to be pH-dependent (White and
Whittaker, 2016). When Huh 7 cells were pretreated with lysosomotropic
agents, like chloroquine, ammonium chloride or bafilomycin A1, signif-
icant decrease of transduction was observed for both VSV-G and
SARS-CoV-2 S pseudoviruses without causing any cytotoxicity (Fig. 2B,
Supplementary Fig. S2C), suggesting that SARS-CoV-2 entry of Huh 7
cells was pH-dependent. Dual immunostaining of S protein and early
endosome marker EEA1 showed colocalization [Fig. 2C, Pearson corre-
lation coefficient (Pr) ¼ 0.583], further supporting that S pseudovirus
infected Huh 7 cells via endocytosis.

CME is the best documented mode of endocytosis. Pretreatment of
Huh 7 cells with clathrin inhibitor, pitstop (von Kleist et al., 2011)
inhibited the entry of SARS-CoV-2 or VSV-G pseudovirus in a
dose-dependent manner (Fig. 2D). Similarly, CPZ, which prevents the
assembly of coated pits at the cell surface, also inhibited the entry of
SARS-CoV-2 or VSV-G pseudovirus in a dose-dependent manner
(Fig. 2E). Both drugs showed little cytotoxicity with the concentrations
tested (Supplementary Figs. S2D and E). These results suggest CME is
involved during SARS-CoV-2 infection of Huh 7 cells.



Fig. 1. Characterization of SARS-CoV-2 Spike pseudovirus. A Incorporation of SARS-CoV-2 S protein into pseudoviruses. VSV-G and S pseudoviruses were pelleted as
described in materials and methods and subjected to SDS-PAGE, immunoblotted with anti-Spike and anti- HIV p24. B S pseudovirus transduction of 293T, 293T-ACE2,
Vero E6 and Huh 7 cells. 293T, 293T-ACE2, Vero E6 and Huh 7 cells were infected with equal amounts of (5 � 107 GEqs) pseudovirus without glycoprotein (mock), S
pseudovirus, or VSV-G pseudovirus expressing NanoLuc luciferase. At 48 h post-transduction, luciferase activity was measured. Values were mean � SD and are
representative of three independent experiments. C ACE2 expression in 293T, Vero E6, Huh 7 and 293T-ACE2 cells. 293T, Vero E6, Huh 7 and 293T-ACE2 cell lysates
were immunoblotted with anti-ACE2 and anti-β-actin antibodies. D 293T, 293T-ACE2, Vero E6 and Huh 7 cells transduced with S pseudovirus expressing GFP. Bright
field was included to show the presence of cells. Scalebar, 20 μm. S, spike; SD, standard deviation; GEqs, genome equivalents.
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To overcome any nonspecific effect the chemical compounds may
have, we also carried out an orthogonal CRISPR/Cas9 knockout experi-
ment. Huh 7 cells stably transduced with lentiviral vectors encoding the
sgRNA targeting CHC and Streptococcus pyogenes Cas9were first validated
of gene targeting (Fig. 2F inset) and then transduced with S pseudovirus
encoding luciferase. The magnitude of luciferase activity correlated with
the expression of CHC (Fig. 2F), strongly suggesting that SARS-CoV-2
entry was dependent on clathrin.

3.3. S pseudovirus infection does not require caveolae-mediated
endocytosis

Caveolae are small, flask-shaped invaginations in the plasma mem-
brane composed of high levels of cholesterol and glycosphingolipids as
well as the integral membrane protein caveolin (Stan, 2005). CTB has
been reported to be internalized via caveolae-mediated endocytosis
(Montesano et al., 1982; Tran et al., 1987; Orlandi and Fishman, 1998)
and treatment of cells with filipin or methyl-β-cyclodextrin (MβCD)
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would disrupt the integrity of cholesterol-enriched membrane micro-
domains (Lu et al., 2016). We found that filipin or MβCD treatment did
not cause any cytotoxicity (Supplementary Figs. S3A and B), but pre-
treatment of Huh 7 cells with either drug blocked the uptake of CTB
(Supplementary Fig. S3C), suggesting the concentrations we used could
block caveolae-mediated endocytosis. However, neither drug inhibited
the S pseudovirus or VSV-G pseudovirus transduction (Fig. 3A and B),
indicating that SARS-CoV-2 entry of Huh 7 cells was independent of
cholesterol-enriched membrane microdomains.

To further elucidate the role of caveolae-dependent pathway in SARS-
CoV-2 infection, we inhibited the expression of CAV1 (Fig. 3C) with
CRISPR/Cas9. Fig. 3D showed that S pseudovirus could infect Huh 7 cells
in the absence of CAV1, suggesting the viral entry was independent of
caveolae. This finding was further corroborated by the immunostaining
experiment, which showed little colocalization between SARS-CoV-2
spike protein and CAV1 (Fig. 3E, Pr ¼ 0.064). Taken together, these re-
sults indicate that SARS-CoV-2 entry is independent of caveolae-
mediated endocytosis.



Fig. 2. S pseudovirus transduces Huh 7 cells via clathrin-mediated endocytosis. A Huh 7 cells pretreated with different concentrations of camostat mesylate
(5, 15, 50 μmol/L) or E-64d (5, 10, 25 μmol/L) were transduced with S pseudovirus and luciferase was measured. Values were normalized to control and expressed as
mean � SD. B Huh 7 cells pretreated with lysosomotropic agents (50 mmol/L NH4Cl, 100 μmol/L chloroquine and 100 nmol/L bafilomycin A) were transduced with S
pseudovirus or VSV-G pseudovirus. Luciferase was measured to indicate viral infection. Values were normalized to control and expressed as mean � SD.
C Immunostaining of S pseudovirus infected Huh 7 cells for Spike (red) and EEA1 (green). Scalebar, 10 μm. D Huh 7 cells pretreated with indicated concentrations of
pitstop were transduced with S pseudovirus or VSV-G pseudovirus and luciferase was measured. Values were normalized to control and expressed as mean � SD.
E Huh 7 cells pretreated with indicated concentrations of CPZ were transduced with S pseudovirus or VSV-G pseudovirus and luciferase was measured. Values were
normalized to control and expressed as mean � SD. F Huh 7 cells stably expressing a negative control or three independent CHC sgRNAs with Cas9 were transduced
with S pseudovirus and luciferase was measured. Values were normalized to control and expressed as mean � SD. Inset, immunoblotting of CHC expression in Huh
7 cells as described above. S, spike; CQ, chloroquine; Baf A, bafilomycin A; CPZ, chlorpromazine; CHC, clathrin heavy chain; SD, standard deviation.
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3.4. PI4P and PI(4,5)P2 are crucial for SARS-CoV-2 entry

PI is known to be involved throughout the process of endocytosis. Of
note, PI(4,5)P2, PI4P and PI(3,4)P2 are essential molecules in endocy-
tosis. We found that overexpression of either INPP5E, which converted
PI(4,5)P2 to PI4P, or the sac1 phosphatase, which dephosphorylated PI4P
(Fig. 4A, Supplementary Fig. S4A), inhibited S pseudovirus transduction
without cytotoxicity (Fig. 4B, Supplementary Fig. S4B), suggesting that
PI4P and PI(4,5)P2 were involved in SARS-CoV-2 entry. Importantly,
pretreatment of Huh 7 cells with phosphatidylinositol kinase inhibitors,
PIK93 or wortmannin, inhibited S pseudovirus transduction at concen-
trations that effectively inhibited PI4-kinase activity (Fig. 4C, Supple-
mentary Figs. S4D and E), suggesting that PI4 kinase was involved in
SARS-CoV-2 infection. As PI4KB has been shown to be involved in SARS-
CoV infection (Yang et al., 2012), we next tested whether it is also
required for SARS-CoV-2 infection. For this purpose, we first knocked
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down PI4KB expression with shRNAs, and qPCR results showed that all
three shRNAs could efficient target PI4KB expression (Fig. 4D open bars,
Supplementary Fig. S4C). When these cells were infected with S pseu-
dovirus, we found that PI4KB knockdown led to significant decrease in
SARS-CoV-2 transduction (Fig. 4D, black bars), suggesting PI4KB was
required for SARS-CoV-2 infection.

3.5. SARS-CoV-2 entry does not require the intracellular domain and
catalytic sites of ACE2

Receptor-mediated endocytosis involves the interaction of the cyto-
plasmic tails of the receptor proteins with intracellular proteins to initiate
internalization (Marks et al., 1997; McPherson et al., 2001; Sorkin and
von Zastrow, 2009), and studies have shown that cytoplasmic domain of
cell surface receptors can control endocytosis (Miettinen et al., 1992;
Morse et al., 2014). ACE2 is a type I transmembrane protein with a short



Fig. 3. S pseudovirus transduces Huh 7 cells independent of caveolae-mediated endocytosis. A–B Huh 7 cells pretreated with indicated concentrations of filipin (A) or
MβCD (B) were transduced with S pseudovirus or VSV-G pseudovirus and luciferase was measured. Values were normalized to control and expressed as mean � SD. C
Immunoblotting of CAV1 expression in Huh 7 cells stably expressing a negative control or three independent CAV1 sgRNAs with Cas9. D Huh 7 cells as treated in (C)
were transduced with S pseudovirus and luciferase was measured. Values were normalized to control and expressed as mean � SD. E Immunostaining of S pseudovirus
infected Huh 7 cells for Spike (red) and CAV1 (green). Scalebar, 10 μm. CAV1, caveolin-1; MβCD, methyl-β-cyclodextrin; S, spike; SD, standard deviation.
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cytoplasmic tail (Hamming et al., 2007; Lambert, 2009). We therefore
tested whether the cytoplasmic tail of ACE2was required for SARS-CoV-2
entry. For this experiment, 293T cells with low transduction rate was
chosen as reference and cells expressing either wild-type ACE2 or
different mutant were then assayed for their ability to support S pseu-
dovirus infection. We first showed that wild-type ACE2 or ACE2 mutants
all expressed on cell surface (Supplementary Fig. S5), suggesting that
these cells are proper models for S pseudovirus transduction. We then
found that 293T cells overexpressing ACE2 mutant lacking the intracel-
lular tail (ACE2-TM) could be infected by SARS-CoV-2 pseudovirus as
efficiently as wild-type ACE2 (Fig. 5A–C). We then examined the receptor
activity of ACE2mutants with either the transmembrane domain of EGFR
(ACE2-EGFR) or the transmembrane domain and cytoplasmic tail of
human ACE (ACE2-ACE), the close homologue of ACE2 which could not
support virus infection. Both mutants could support infection of
SARS-CoV-2(Fig. 5A–C). These results together suggest that the cyto-
plasmic domain of ACE2 is not required for its SARS-CoV-2 infection and
that there is no specificity of the transmembrane domain for its receptor
activity.

We next tested whether the enzyme activity of ACE2 was required
for SARS-CoV-2 infection. ACE2 is a zinc metalloprotease with a single
HEXXH zinc-binding motif that is essential for its activity (Tipnis et al.,
2000; Turner et al., 2002). In addition, ACE2 structure modeling and
site-directed mutagenesis analysis showed that His505 played an
essential role in the catalysis of ACE2 (Guy et al., 2003, 2005; Towler
et al., 2004) (Fig. 5D). To test whether enzymatic activity of ACE2 was
required for SARS-CoV-2 entry, 293T cells overexpressing ACE2 with
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two zinc-binding histidine mutations (H374 N&H378 N, CM1) were
transduced with S pseudovirus. Fig. 5F showed that this mutant sup-
port viral infection equally well to wild type ACE2. Similarly, 293T
cells overexpressing ACE2 catalytic site histidine mutation (H505L,
CM2), or the combination of all three histidine mutations (H374
N&H378 N&H505L, CM3) could be transduced by S pseudovirus as
efficiently (Fig.5D–F, Supplementary Fig. S5). These results suggest
that the enzymatic activity of ACE2 is not required for SARS-CoV-2
infection.

3.6. Delta variant enters cells via CME

To study the cellular entry of Delta variant, we then made pseudo-
viruses bearing spike with the unique set of Delta mutations L452R,
T478K, and P681R (Rahman et al., 2021) (Supplementary Fig. S6A). We
found this Spikedelta was present predominantly in the cleaved form
compared to wild-type spike, while spike that has mutation in the furin
cleavage site (Spikefur/mut) mainly presented as uncleavaged form
(Fig. 6A), suggesting the introduction of P681R mutation enhanced spike
cleavage. Consistent with the fact that Delta variant has higher trans-
missibility, increased infectivity was also observed for Spikedelta medi-
ated cell entry (Fig. 6B). In addition, Spikedelta also mediated higher cell
fusion and syncytium formation than WT Spike, while the Spikefur/mut
barely induced any syncytium formation (Fig. 6C and D), arguing the role
of furin cleavage during virus infection and syncytium formation. How-
ever, Spikedelta pseudovirus mediated entry could still be inhibited by
CPZ or pitstop (Fig. 6E and F), suggesting this variant still enters cells via



Fig. 4. PI4KB is relevant to S pseudovirus infection. A Diagram of phosphoinositide metabolic pathways. PIK93 and wortmannin were used as inhibitors targeting
PI4K. B 293T-ACE2 cells were transfected with HA-Sac1 or HA-INPP5E before they were transduced with S pseudovirus and luciferase was measured. Values were
normalized to control and expressed as mean � SD. Inset, immunoblotting of HA-Sac1 or HA-INPP5E expression with anti-HA antibody. C Huh 7 cells pretreated with
indicated concentrations of PIK93 or wortmannin were transduced with S pseudovirus and luciferase was measured. Values were normalized to control and expressed
as mean � SD. D Huh 7 cells transduced with the indicated shRNAs were infected with S pseudovirus and luciferase was measured to reflect viral infection (black
bars). PI4KB mRNA was quantified by qRT-PCR (open bars). Values were normalized to control shRNA. PI4KB, phosphatidylinositol 4-kinase β; PI, Phosphoinositides;
INPP5E, inositol polyphosphate-5-phosphatase E; PIP5K, Phosphatidylinositol-4-phosphate 5-kinase; S, spike; SD, standard deviation.

Fig. 5. Cytoplasmic domain and enzymatic activity of ACE2 are not required for S pseudovirus infection. A Diagram of ACE2 and ACE2 mutants. EC, extracellular
domain. TM, transmembrane domain. CT, cytoplasmic tail. ACE2-TM, ACE2 lacking the cytoplasmic tail; ACE2-ACE, chimera of ACE2 with transmembrane and
cytoplasmic tail form ACE; ACE2-EGFR, chimera of ACE2 with transmembrane domain form EGFR. B Immunoblotting of ACE2 and ACE2 mutants expression. C 293T
cells transfected with wild type or indicated ACE2 mutant were transduced with S pseudovirus and luciferase was measured. Values were expressed as fold change to
293T cells. D Diagram of ACE2 and ACE2 catalytic dead mutants. “Δ” represents the zinc binding histidines and “★” indicates the catalytic active site histidine. Filled
symbols represent wild type sequence and blank symbols represent mutations. E Immunoblotting of ACE2 and mutants expression. F 293T cells transfected with wild
type or indicated ACE2 mutant were transduced with S pseudovirus and luciferase was measured. Values were expressed as fold change to 293T cells. CM, catalytic site
mutation; S, spike; SD, standard deviation; WT, wild-type.
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Fig. 6. Delta variant enters Huh 7 cells via clathrin-mediated endocytosis. A 293T cells were mock transfected or transfected with Spike, Spikefur/mut, or Spikedelta and
subjected to immunoblotting with anti-Spike antibody. Cleaved and uncleaved spike were indicated. Band densities were quantified with Image J and the ratios of
cleaved band density to that of uncleaved band were shown below. B Huh 7 cells transduced with 3 � 107 GEq pseudovirus bearing wild Spike, Spikefur/mut, or
Spikedelta and luciferase was measured. Values from wild type spike were set to 1. C 293T-ACE2 cells were transfected with construct encoding Spike, Spikefur/mut, or
Spikedelta and cell fusion were observed after 36 h. Arrows indicate syncytium formation. D Quantitation of numbers of syncytia in cells as described in (C). Values are
syncytia number per microscope field. Scalebar, 100 μm. E Huh 7 cells pretreated with indicated concentrations of CPZ were transduced with pseudovirus bearing
Spikedelta and luciferase was measured. Values were normalized to control and expressed as mean � SD. Cell viability was measured with Cell Titer Glo. F Huh 7 cells
pretreated with indicated concentrations of pitstop were transduced with pseudovirus bearing Spikedelta and luciferase was measured. Values were normalized to
control and expressed as mean � SD. Cell viability was measured with Cell Titer Glo. GEq, genome equivalents; S, spike; CPZ, chlorpromazine; SD, standard deviation.
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CME. On the other hand, pretreatment of Huh 7 cells with either filipin or
MβCD had little effect on Spikedelta pseudovirus entry (Supplementary
Fig. S6B), suggesting this variant, like its parental strain, does not depend
on caveolae-mediated endocytosis.

4. Discussion

Viral entry represents the first step of virus-host interaction and
glycoprotein-bearing pseudoviruses have been widely used for viral entry
studies. Here we generated S pseudoviruses that had either a luciferase or
GFP reporter gene. These viruses could transduce host cells expressing
ACE2 receptor and therefore could be used for viral entry studies.

For enveloped viruses, the viral envelop must fuse with host mem-
branes either at cell surface or in endosomes before the successful release
of viral genome into host cells. SARS-CoV and MERS-CoV have been
reported to utilize both pathways depending on the availability of
exogenous and membrane bound proteases (Tang et al., 2020). The entry
of SARS-CoV-2 has been reported to require cell surface protease
TMPRSS2 (Hoffmann et al., 2020), suggesting direct membrane at cell
surface was possible. In addition, several studies have demonstrated that
lysosomotropic agents could block SARS-CoV-2 entry (Hoffmann et al.,
2020; Ou et al., 2020), indicating the virus might also enter via endo-
cytosis. Here we also found that lysosomotropic agents inhibited S
pseudovirus transduction. In addition, we demonstrated colocalization of
S protein with early endosome marker EEA1, further proving that this
virus could enter cells via pH-dependent endocytosis.

As the best characterized endocytosis pathways, CME has been re-
ported to be involved in various viral infection, including SARS-CoV
(Inoue et al., 2007). Here by using different chemical inhibitors and
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CRISPR/Cas9 targeting the major protein in clathrin coat formation, we
demonstrated that SARS-CoV-2 entry was also dependent on clathrin.
While we are preparing this manuscript, Bayati et al. reported that the S
protein of SARS-CoV-2 endocytosis was dependent on clathrin and S
pseudovirus could be blocked by CHC siRNA treatment (Bayati et al.,
2021). Consistently, we also showed that SARS-CoV-2 pseudovirus
entered cells via CME. In addition, we showed that this process was in-
dependent of caveolae-mediated endocytosis, another common endocy-
tosis pathway. The fact that Caco2 cells, which do not express caveolin
(Mirre et al., 1996), could support SARS-CoV-2 infection efficiently (Chu
et al., 2020) also suggested that this virus could infect cells independent
of caveolae. Here we also showed filipin or MβCD treatment had little
effect on SARS-CoV-2 entering Huh 7 cells, however, lipid rafts and
cholesterol have been reported to be important for SARS-CoV-2 infection
(Li et al., 2021a; Sanders et al., 2021). One explanation for this
discrepancy is that SARS-CoV-2 may enter different cell types via
different pathways. Just as virus may enter cells via plasma membrane
fusion or endocytosis depending on whether TMPRSS2 is expressed
(Koch et al., 2021), virus may also enter cells with or without cholesterol
involvement. Consistent with this hypothesis, we found that SARS-CoV-2
entry of 293T-ACE2 cells was sensitive to MβCD pretreatment (Supple-
mentary Fig. S6C), in agreement with a previous study (Li et al., 2021b).
These results further suggest that viruses may exploit different molecules
to gain infection of different cell types, expanding its cellular/tissue
tropism.

As a virus with an RNA genome, coronaviruses have high mutation
rates and the past months have witnessed the emergence of different
SARS-CoV-2 variants. Among them, the Delta variant caused great con-
cerns due to its high transmissibility and reduced vaccine efficacy
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(Mlcochova et al., 2021; Planas et al., 2021). Here, by using pseudovi-
ruses bearing Spike with Delta unique mutations, we showed that
although this variant has high infectivity and causes increased syncytia
formation, it still enters cells through CME. These results provided proof
of principle that targeting viral entry could be an effective way to block
different variants infections.

PI4P and PI4KB have been reported to be essential for SARS-CoV
infection (Yang et al., 2012) and a recent report showed that PIKfyve
inhibitors could block S pseudovirus infection (Ou et al., 2020), which all
suggested that phosphoinositide pathways were important for corona-
virus infection. Here we further demonstrated that PI4P and PI(4,5)P2
were essential molecules for SARS-CoV-2 infection and PI4KB was also
required for SARS-CoV-2 entry.

The role of cytoplasmic tail of ACE2 in SARS-CoV infection is
controversial (Inoue et al., 2007; Haga et al., 2008), while Karthika et al.
reported that SARS-CoV-2 cellular entry is independent of the ACE2
cytoplasmic domain (Karthika et al., 2021). We here showed that the
cytoplasmic domain as well as the enzymatic activity of ACE2 were not
required for efficient virus entry. These results were further supported by
the Spike-ACE2 complex structure determined by X-ray crystallography
or cryo-EM (Lan et al., 2020; Yan et al., 2020), which showed that the
receptor-binding domain of S interacted with the N-terminal peptidase
domain of ACE2 and the enzymatic sites were not in direct contacts with
S protein.
5. Conclusions

In summary, here we found that the entry of SARS-CoV-2 into host
cells was dependent on CME by using lentivirus based pseudotypes
bearing spike proteins, and PI played essential roles during this process.
Meanwhile, the intracellular domain and the catalytic activity of ACE2
are not required for efficient virus entry. In addition, Delta variant, which
has high infectivity and high syncytium formation rate, also enters cells
through CME. These results provide new insights into SARS-CoV-2
cellular entry and present proof of principle that targeting viral entry
could be an effective way to treat different variant infections.
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