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SARS coronavirus entry into host cells through a novel
clathrin- and caveolae-independent endocytic pathway
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While severe acute respiratory syndrome coronavirus (SARS-CoV) was initially thought to enter cells through direct
fusion with the plasma membrane, more recent evidence suggests that virus entry may also involve endocytosis. We have
found that SARS-CoV enters cells via pH- and receptor-dependent endocytosis. Treatment of cells with either SARS-CoV
spike protein or spike-bearing pseudoviruses resulted in the translocation of angiotensin-converting enzyme 2 (ACE2),
the functional receptor of SARS-CoV, from the cell surface to endosomes. In addition, the spike-bearing pseudoviruses
and early endosome antigen 1 were found to colocalize in endosomes. Further analyses using specific endocytic path-
way inhibitors and dominant-negative Eps15 as well as caveolin-1 colocalization study suggested that virus entry was
mediated by a clathrin- and caveolae-independent mechanism. Moreover, cholesterol- and sphingolipid-rich lipid raft
microdomains in the plasma membrane, which have been shown to act as platforms for many physiological signaling
pathways, were shown to be involved in virus entry. Endocytic entry of SARS-CoV may expand the cellular range of
SARS-CoV infection, and our findings here contribute to the understanding of SARS-CoV pathogenesis, providing new
information for anti-viral drug research.
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Introduction

Severe acute respiratory syndrome (SARS) emerged as
an epidemic in Asia during the winter of 2002-2003 and
quickly spread throughout the world. The etiologic agent
was soon identified as a new coronavirus, SARS-CoV [1,
2]. The plague ended in July 2003, with a death toll of more
than 700 patients and 8 000 probable diagnoses [http://
www.who.int/csr/sars/country/table2004 04 21/en/index.
html]. This disease had a significant impact on international
social and economic activities. In addition to the likely
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reemergence of SARS, there are serious concerns about its
potential misuse as a biological weapon. Four years after
its identification, however, many pathological aspects of
this virus have yet to be characterized.

The entry of enveloped viruses into cells is known to
occur via two primary pathways: some viruses deliver
their genomes to the cytosol after their envelopes fuse with
the plasma membrane at the cell surface, whereas others
take advantage of the cell’s endocytic machinery. In the
latter mechanism, the endocytosed virions are subjected
to an activation step in the endosome, which is typically
mediated by the acidic endosomal pH, resulting in fusion
of the viral and endosomal membranes and release of the
viral genome into the cytosol. Therefore, the endocytic
mechanism is thought to be a pH-sensitive process, while
direct membrane fusion is pH-independent. The endocytic
pathways exploited by animal viruses to gain entry into
host cells include macropinocytosis, clathrin-dependent
endocytosis, and caveolae-dependent endocytosis, as well
as poorly characterized routes such as clathrin- and caveo-
lae-independent endocytosis [3, 4]. Although most viruses



use only one of these pathways to enter cells, recent studies
have shown that some viruses use multiple mechanisms to
gain entry into host cells [5-8].

The entry of SARS-CoV into cells was first identified
to occur by direct fusion at the plasma membrane [9-11].
Some later studies have shown that entry of SARS-CoV
may be pH-dependent [12], and that the endosomal protease
cathepsin L [13, 14] might be involved, suggesting that
this virus may employ endocytosis. Because conflicting
results have been obtained by various research groups using
similar experimental methods, such as fluorospectrometric
monitoring of GFP-labeled pseudovirus entry into host
cells, we decided to use a different approach. We labeled
the SARS-CoV functional receptor angiotensin converting
enzyme 2 (ACE2) with GFP by stable transfection of hu-
man embryonic kidney 293E (HEK293E) cells. Receptor
recycling was then tracked after the cells were treated with
pseudoviruses or the spike protein, a membrane component
of SARS-CoV that mediates membrane fusion and is re-
quired for viral entry [11, 12]. This new approach greatly
improves experimental stability and reliability. The results
showed that SARS-CoV entered cells via receptor-depen-
dent, pH-sensitive endocytosis. We also showed that the
specific endocytic pathway used by SARS-CoV to enter
cells is clathrin- and caveolae-independent. Moreover, lipid
rafts were found to play an important role in this process.
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Our results provide further insight into the pathological
characteristics of this newly emerged virus.

Results

Spike protein induced translocation of the SARS-CoV re-
ceptor ACE?2 from the plasma membrane to cytoplasmic
compartments

In order to examine the entry of SARS-CoV into cells,
cell lines were first generated which stably expressed ACE2
fused to either a Myc tag or GFP. ACE2 expression in the
293E-ACE2-Myc cell lines was confirmed by western blot-
ting (Supplementary information Figure S1), while ACE2
receptor expression in the 293E-ACE2-GFP cell lines was
directly visualized by fluorescence. Figure 1A shows that
ACE2-GFP is localized primarily at the cell surface, sug-
gesting that expression and localization of ACE2 in this cell
line is similar to that in Vero E6 cells. The 293E-ACE2-GFP
cell line allowed for direct tracking of the movement of the
receptor under a fluorescence microscope. In agreement
with a previous report, which showed that ACE2 expres-
sion in some nonpermissive cells renders them permissive
to infection [15], both of these stable cell lines can be
infected by spike-bearing pseudoviruses (Supplementary
information Figure S1).

We first tested whether spike protein alone could enter

Figure 1 SARS-CoV receptor ACE2 translocates from the plasma membrane to cytoplasmic compartments following treat-
ment with spike protein. (A) In HEK293E-ACE2-GFP cells, ACE2 is primarily located on the cell surface. (B) When HEK293E-
ACE2-GFP cells were treated with the S1190-Fc protein (for 3 h at 37 °C), ACE2-GFP was internalized from the cell surface.
(C) When HEK293E-ACE2-GFP cells were treated with Fc protein alone (for 3 h at 37 °C), no translocation of the SARS-CoV
receptor ACE2 was observed. (D) Spike protein colocalizes with ACE2-GFP in cytoplasmic vesicles after 3 h incubation at 37
°C. Spike-Fc protein was probed with Alexa-568 goat anti-human IgG. (E) ACE2 receptor recycling was observed after a 14-h
incubation with spike-Fc at 37 °C; few green vesicles were visible in the cells after 14 h. (F) HEK293E-ACE2-GFP cells were
treated with NH,CI before they were incubated with S1190-Fc protein. ACE2 was trapped in cytoplasmic vesicles, even after

14 h. Scale bar: 20 ym.
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cells using the 293E-ACE2-GFP cell line, since spike
protein was believed to mediate virus entry. Purified recom-
binant spike protein fused to the human IgG Fc fragment
(S1190-Fc) was added to 293E-ACE2-GFP cells. After
incubation at 37 °C for 3 h, a number of GFP-containing
vesicles were observed in the perinuclear area (Figure 1B),
whereas vesicles were not observed in the control cells
treated with Fc protein alone (Figure 1C), suggesting that
spike protein specifically induced translocation of ACE2-
GFP from the cell surface to the interior of the cells. Sta-
tistical analysis of the percentage of cells in which vesicles
accumulated showed that there was a significant difference
between the effects of these treatments on virus entry (Sup-
plementary information Figure S2). A dual staining assay
for spike protein and ACE2-GFP showed colocalization of
these two proteins (Figure 1D), which suggests that spike
protein was bound to ACE2 in the vesicles and that spike
protein was taken up by the cell, most likely by endocytosis.
The fact that spike protein induced translocation of ACE2
from the cell surface to intracellular compartments is in
agreement with our previous finding that surface expres-
sion of ACE2 in Vero E6 cells decreased after incubation
with spike protein at 37 °C for 3 h [16].

After an additional incubation at 37 °C, receptor-con-
taining vesicles were no longer visible within the cells,
and green signals were instead seen clustered near the cell
surface, suggesting that the receptors were recycled (Fig-
ure 1E). This process can be blocked by lysosomotropic
agents, which are reported to function by elevating the pH
of acidic compartments, thereby inhibiting dissociation
of the ligand from the receptor and trapping the receptor
in the endosome [17]. We found that after treatment with
ammonium chloride, bafilomycin A1, or chloroquine, the
viral receptor was trapped within perinuclear vacuoles,
even after a 14-h incubation, a period that would allow
the receptor to be recycled to the cell surface under normal
conditions (Figure 1F and unpublished data). These results
reflect the normal traffic of membrane flow; that is, cargos
are first internalized by a besieged membrane, which fuses
with the early endosome and then the late endosome, where
cargos are dissociated from the receptors. Receptors are
usually recycled back to the cell membrane, while cargos
are targeted to lysosomes.

SARS-CoV spike-bearing pseudoviruses enter cells via
endocytosis

Due to the highly contagious nature of SARS-CoV,
we used spike protein-bearing pseudoviruses to study the
virus entry route. Pseudoviruses are often used to mimic
the entry of real viruses, such as hepatitis C virus [18,
19], Ebola virus, and Marburg virus [20], into host cells.
This strategy is a powerful tool for studying early events

in the life cycle of a virus. Therefore, we used retroviral
pseudoviruses bearing the SARS-CoV spike protein to
infect ACE2-GFP-expressing HEK293E cells. After a
3-h incubation at 37 °C, GFP-containing vesicles were
detected within the cells (Figure 2A), while there were
few intracellular vesicles when the same cell lines were
treated with a control pseudovirus bearing VSV-G protein
on the surface (Figure 2B). Dual labeling of spike protein
and ACE2 also showed colocalization (Figure 2C), which
indicates that the pseudovirus may be contained in the
vesicles. After an additional 10 h incubation, few vesicles
were observed (Figure 2D) for both treatments. This result
was similar to that observed following treatment with spike
protein alone. Moreover, after treatment with ammonium
chloride, bafilomycin A1, or chloroquine, GFP-containing
vesicles were detected, even after a 12-h incubation (Figure
2E and unpublished data), suggesting that these reagents
inhibited receptor recycling. These results were nearly
identical to those obtained following spike protein treat-
ment, which indicated that SARS-CoV may enter cells via
endocytosis. Although the pseudovirus can express GFP,
the green vesicles observed in these cells at this time point
resulted from cellular ACE2-GFP rather than from virally
expressed GFP, as expression from the viral GFP gene was
not observed at 12 h after infection. This notion was verified
with ACE2-Myc-expressing HEK293E cells, in which no
GFP expression was observed at 12 h postinfection with the
pseudovirus (Supplementary information Figure S3).

The endocytic pathway is usually thought to be pH-
dependent. Therefore, if SARS-CoV can enter cells via
endocytosis, lysosomotropic agents should inhibit virus
infection. Vero E6 cells have been reported to be naturally
permissive for SARS-CoV. We infected Vero E6 cells with
spike-bearing pseudovirus in the presence or absence of
lysosomotropic agents. Since the pseudovirus expresses
GFP, infected cells can be distinguished from uninfected
cells by viral GFP expression. Figure 2F shows that
pseudovirus infection of Vero E6 cells leads to viral GFP
expression, while the lysosomotropic agents inhibited GFP
expression. This result suggests that successful virus entry
is pH-dependent.

To provide further confirmation that SARS-CoV enters
host cells via endocytic pathways, dual immunofluores-
cence labeling with antibodies specific for the SARS-CoV
spike protein and the early endosome marker protein early
endosome antigen 1 (EEA1) was performed, followed by
confocal microscopy analysis. After 1 h of infection, a
punctate pattern characterized by strong colocalization of
the spike protein and EEA1 was observed, confirming that
SARS-CoV was targeted to early endosomes (Figure 2J-L).
Alexa-labeled transferrin was used as a positive control
(Figure 2G-I), since the endocytosis of transferrin has been
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Figure 2 SARS-CoV spike-bearing pseudoviruses can enter cells via endocytosis. (A) When HEK293E-ACE2-GFP cells were
treated with spike-bearing pseudovirus for 3 h, translocation of the ACE2 receptor was observed. (B) When HEK293E-ACE2-
GFP cells were treated with spike minus pseudovirus (VSV-G pseudovirus) for 3 h, no translocation of the ACE2 receptor
was observed. (C) Colocalization of SARS-CoV spike protein and ACE2-GFP in cytoplasmic vesicles (3 h after treatment with
spike-bearing pseudovirus). Spike protein was probed with primary antibody and then detected with Alexa-568 goat anti-mouse
secondary antibody. (D) Twelve hours after treatment with spike-bearing pseudovirus, HEK293E-ACE2-GFP cells showed few
cytoplasmic vesicles. (E) After chloroquine treatment, cytoplasmic vesicles were detected, even at 12 h after spike-bearing
pseudovirus infection. (F) NH,CI, chloroquine, and bafilomycin A1 treatments inhibit viral GFP expression. Vero E6 cells were
mock treated or pretreated with 50 mM NH,CI, 100 uM chloroquine, or 80 nM bafilomycin A1 for 1 h before pseudovirus infection.
After 48 h, the cells were lysed and GFP was measured as described in the Materials and Methods section. Double asterisks
indicate a significant difference from controls (P < 0.01, t-test). Error bars represent the SD of three independent experiments.
(G-l) Alexa 594 transferrin (G) and EEA1 (H) colocalized in Vero E6 cells after a 1-h incubation at 37 °C. EEA1 was detected
with its specific antibody followed by Alexa 488 secondary antibody. (J-L) Vero E6 cells were infected with spike-bearing pseu-
dovirus for 1 h before they were fixed and immunolabeled with primary antibodies specific for SARS-CoV spike protein (J) and
the early endosome marker EEA1 (K). These two proteins were found to colocalize. Spike protein was detected by Alexa 568
secondary antibody, while EEA1 was detected with Alexa 488 secondary antibody.
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well characterized. After binding of transferrin to its recep-
tor, the complex was shown to be internalized in coated
vesicles, followed by fusion with endosomes [21-23].

Thus, the spike-bearing pseudovirus, like spike protein,
can cause ACE2 receptor translocation in a pH-dependent
manner, and the pseudovirus infects Vero E6 cells in a pH-
dependent manner. In addition, the pseudovirus is targeted
to the early endosome after it enters the cell. Taken together,
these results indicate that the spike-bearing pseudovirus
can enter cells via endocytosis.

SARS-CoV can enter cells in the absence of clathrin-medi-
ated endocytosis

After determining that SARS-CoV can enter cells via
endocytosis, we attempted to identify the specific en-
docytic pathway exploited by this virus. The endocytic
pathways exploited by animal viruses to enter host cells
include macropinocytosis, the clathrin-dependent pathway,
and the caveolae-dependent pathway, as well as routes
that are not as well characterized, such as clathrin- and
caveolae-independent pathways. The clathrin-dependent
pathway is the most common of these pathways. Because
drugs can produce pleiotropic effects, we employed sev-
eral complementary approaches to determine the role of
clathrin-mediated endocytosis in the entry of SARS-CoV
into cells [4].

Chlorpromazine (CPZ), a drug commonly used to inhibit
clathrin-mediated endocytosis, causes clathrin lattices to
assemble on endosomal membranes and prevents the as-
sembly of coated pits at the cell surface [24]. The effect of
CPZ on clathrin-mediated endocytosis was first tested with
transferrin labeled with Alexa 594 (Alexa 594 Tf) using
Vero E6 cells. In mock-treated cells, transferrin appeared to
cluster in the perinuclear region, while in the CPZ-treated
cells, transferrin uptake was blocked, leaving transferrin at
the cell surface (Figure 3A and 3B). This result confirms
the effectiveness of CPZ. We then tested the effect of CPZ
on spike-pseudovirus entry using two different methods:
confocal microscopy and spectrofluorometer measurement.
After Vero E6 cells were treated with CPZ and incubated
with spike-bearing pseudoviruses for 1 h, the ability of
spike-bearing pseudovirus to enter Vero E6 cells was
examined using confocal microscopy. Figure 3C and 3D
showed that the spike-bearing pseudovirus can enter Vero
EG6 cells despite CPZ treatment. In order to quantify the ef-
fect of CPZ on viral entry, Vero E6 cells were treated with
the indicated amounts of CPZ and were then infected with
spike-bearing pseudoviruses. The relative infectivity of
the viruses was determined by measuring the level of GFP
expression at 60 h postinfection using a spectrofluorometer.
Our results demonstrated that CPZ did not significantly
inhibit virus entry (Figure 3E).

We then used the more specific siRNA approach to
further explore the role of clathrin-mediated endocytosis in
SARS-CoV entry. HEK293E-ACE2-Myc cells were used
because of their high transfection efficiency. Cells were
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Figure 3 The effect of CPZ treatment and siRNA knockdown of
clathrin on SARS-CoV entry. Vero E6 cells were mock treated
(A and C) or pretreated with CPZ (10 uM) (B and D), and then
incubated with Alexa 594 transferrin (A and B) or spike-bearing
pseudovirus (C and D) for 1 h at 37 °C. Spike protein was de-
tected with anti-spike antibody, followed by Alexa 488 secondary
antibody. (E) Vero E6 cells were treated with the indicated amount
of chlorpromazine (CPZ) before they were incubated with GFP-
spike-bearing pseudovirus. Virus infectivity was measured using a
spectrofluorometer at 60 h post-infection (see details in Materials
and methods). Virus entry was not inhibited by this treatment. (F)
HEK293 cells engineered to express ACE2-Myc were treated with
siRNA specific for clathrin HC. Western blotting revealed that the
siRNA markedly reduced the level of clathrin HC. Cells were then
treated with GFP-spike-bearing pseudoviruses, and the infectivity
was measured using a spectrofluorometer at 48 h post-infection.
The siRNA treatment did not inhibit virus entry. Error bars represent
the SD of three independent experiments.
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transfected with siRNA specific for clathrin heavy chain
(HC) or control siRNA. Seventy-two hours post-transfec-
tion, the effects of the sSiRNA were assayed using western
blotting and the cells were infected with pseudoviruses.
After another 48 h, the cells were lysed and viral GFP
expression was quantified using a spectrofluorometer. Al-
though the expression of clathrin HC was knocked-down
in the cells transfected with the specific sSiRNA compared
to cells transfected with control siRNA, the infectivity of
the virus was not significantly affected (Figure 3F).

We further employed a dominant-negative variant of
Eps15 to explore the role of clathrin-mediated endocytosis
in SARS-CoV entry. Eps15 plays an important role in clath-
rin-mediated endocytosis, and expression of the dominant-
negative Eps15 construct GFP-EA95/295 has been reported
to inhibit clathrin-mediated endocytosis, while the construct
GFP-D3A2 can be used as a control [25, 26]. To confirm
disruption of the clathrin-dependent endocytic pathway, the
transfected cells were incubated with Alexa-594 transferrin.
As expected, the EA95/295 construct, but not the D3A2
construct, successfully inhibited transferrin uptake (Figure
4A-F). However, we found that SARS-CoV was able to
enter cells expressing GFP-EA95/295 as efficiently as it
entered cells expressing GFP-D3A2 (Figure 4G-L), dem-
onstrating that expression of the dominant-negative variant
Eps15 did not block SARS-CoV entry. All of these results
indicate that SARS-CoV is able to enter cells that lack a
functional clathrin-dependent endocytic pathway.

SARS-CoV enters cells independent of caveolae-mediated
endocytosis

Caveolae-dependent endocytosis is a newly character-
ized endocytosis pathway. Caveolae are small, flask-shaped
invaginations in the plasma membrane composed of high
levels of cholesterol and glycosphingolipids as well as
the integral membrane protein caveolin [27]. Because
cholesterol is a prominent component of lipid rafts, which
are involved in caveolae formation, sequestration of cho-
lesterol with the sterol-binding drugs filipin and nystatin
impairs caveolae-mediated endocytosis [4]. To determine
whether SARS-CoV enters cells through a caveolae-medi-
ated pathway, we treated cells with filipin and nystatin. As
a control, the effects of these drugs on caveolaec-mediated
endocytosis were examined by measuring the uptake of
cholera toxin subunit B (CTB), since it is targeted to caveo-
lae and its uptake can be blocked by these kinds of drugs
[28, 29]. Data presented in Figure SA-C indicate that these
drugs block CTB uptake, since Alexa-594 CTB clustered
at the cell surface following drug treatment, compared to
its concentration near the nucleus in mock-treated cells
(Supplementary information Figure S4). When treated
cells were infected with pseudovirus, virus entry was not
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inhibited by treatment with filipin or nystatin (Figure 5D
and 5F), but was inhibited by another drug, methyl-pB-cy-
clodextrin (MBCD) (Figure 5E), an oligosaccharide used
to deplete cholesterol from cell membranes. The effects of
these drugs on virus entry were measured quantitatively.
Treatment of Vero E6 cells with MBCD was shown to
inhibit pseudovirus entry in a dose-dependent manner
(Figure. 5H), while filipin and nystatin had no inhibitory
effect on virus entry (Figure 5G and 5I).

To further study whether the caveolae-dependent
pathway was involved in the endocytosis of this virus, a
colocalization assay of spike protein and caveolin-1 was
performed. The infected cells were immunolabeled for
SARS-CoV spike protein as a marker of the pseudoviruses
and for caveolin-1 as a marker of the caveolae. No signifi-
cant colocalization of the pseudovirus and caveolin-1 spe-
cific signals was observed (Figure 5J-5L). Taken together,
these results indicate that SARS-CoV is able to enter cells
in a caveolin-independent manner.

Discussion

Viruses are obligatory intracellular parasites; they must
enter host cells before they can initiate their life cycle. The
entry of enveloped viruses into cells is known to occur via
two primary pathways. Some viruses deliver their genomes
to the cytosol after their envelopes fuse with the plasma
membrane at the cell surface, whereas others take advan-
tage of the cell’s endocytic machinery. Direct membrane
fusion at the cell surface is pH-independent, while entry
via the endocytic pathway usually depends on the low pH
of endocytic vesicles [30].

It was previously thought that a virus used either direct
membrane fusion at the cell surface or endocytosis to enter
cells. However, recent studies have found that this distinc-
tion is not absolute. For example, HIV was first thought
to enter cells via direct membrane fusion, and in 2000, its
use of the endocytic pathway was also reported [5]. This
is not the only exception. Newcastle disease virus has also
been reported to enter cells via direct fusion at the plasma
membrane and via endocytic pathways [31].

Electron microscopy and virus entry experiments that
demonstrated the pH-independence of SARS-CoV infec-
tion led to the belief that this virus enters cells as a result
of direct membrane fusion [9, 10]. Later studies, however,
have suggested that the endocytosis pathway may also be
involved in virus entry [ 12-14]. Our observations of ACE2
receptor translocation and recycling, pH-dependent viral
entry and early endosome location of the viral spike protein
indicate that SARS-CoV pseudoviruses may enter cells via
receptor-dependent, pH-sensitive endocytosis.

The classical endocytosis pathway moves vesicles from
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Figure 4 SARS-CoV entry into cells expressing a dominant-negative mutant of Eps15. Vero E6 cells were transfected with the
GFP-tagged construct Eps15 D3A2 (A-C and G-l) or EA95/295 (D-F and J-L), 48 h later, cells were incubated with Alexa 594
transferrin (A-F) or infected with spike-bearing pseudovirus (G-L) for 1 h at 37 °C. Expression of Eps15 proteins was monitored
by GFP fluorescence. Spike-bearing pseudovirus was detected using anti-spike antibody, followed by incubation with Alexa-568

anti-mouse antibodies.

the early endosome to the late endosome, and then to the
lysosome, where the internalized cargo is degraded by the
acidic environment and various enzymes. Thus, it is pos-
sible that endocytic viral entry may lead to nonproductive
infection because the viruses are degraded in the lysosome.
In our experiments, however, we found that the viral genes
were extensively expressed in all cell lines tested. The
GFP protein encoded by the pseudovirus vector was first
expressed at about 18 h postinfection (Supplementary infor-
mation Figure S3). At this time point, virally produced GFP
was evenly distributed in the cytoplasm of Vero E6 cells,

HEK293E-ACE2-Myc cells, and HEK293E-ACE2-GFP
cells (as mentioned above, prior to infection, the majority
of the GFP was localized on the cell surface of HEK239E-
ACE2-GFP cells, Supplementary information Figure S1).
Therefore, endocytic entry of SARS-CoV results in a
productive infection.

Recent research has demonstrated that numerous viruses
employ the endocytic machinery of the cell to infect cells.
The endocytic pathways used include clathrin-mediated
endocytosis, caveolae, macropinocytosis, and novel clath-
rin- and caveolae-independent pathways. Clathrin-medi-
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Figure 5 SARS-CoV entry into Vero EG cells in the absence of caveolae-mediated endocytosis. Vero E6 cells were pretreated
with nystatin (A, D, G), MBCD (B, E, H) or filipin(C, F, 1), and were then incubated with Alexa-594-CTB (A-C) or spike-bearing
pseudovirus (D-F and G-l). The spike-bearing pseudovirus in (D-F) was detected using anti-spike antibody (after 1 h incubation
at 37 °C), followed by Alexa-488 anti-mouse antibodies, while in (G-1), pseudovirus was observed by monitoring GFP expres-
sion. Virus infectivity was measured using a spectrofluorometer at 60 h post-infection. (J-L) Colocalization of caveolin-1 (K)
and spike-bearing pseudovirus (J) was not observed (after 1 h incubation at 37 °C). Spike-bearing pseudovirus was detected
using anti-spike antibody, followed by Alexa-568 anti-mouse antibodies, while caveolin-1 was detected using its specific primary
antibody followed by Alexa-488 secondary antibody. Double asterisks indicate a significant difference from controls (P < 0.01,
t-test). Error bars represent the SD of three independent experiments.

ated endocytosis is the most common pathway. Numerous
viruses use this pathway to enter cells, including Semliki
forest virus (SFV), vesicular stomatitis virus (VSV),
hepatitis C virus (HCV), and Adenoviruses 2 and 5 [3].
Therefore, we first determined whether SARS-CoV enters
cells through clathrin-mediated endocytosis. Combined
approaches of CPZ-mediated inhibition, clathrin heavy
chain knockdown and dominant-negative Eps15 showed
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that SARS-CoV can infect cells in the absence of clathrin-
mediated endocytosis.

More recently, caveolae-mediated endocytosis was
described. Caveolae are cholesterol- and sphingolipid-rich
smooth invaginations of the plasma membrane which are
generally associated with caveolin. SV40 and Ebola virus
have been reported to use this pathway. Caveolae-medi-
ated endocytosis can be disrupted by drugs that sequester
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cholesterol from the plasma membrane. In order to define
the role of caveolae-mediated endocytosis in SARS-CoV
entry, we used several drugs that affect this pathway, such
as nystatin, filipin, and MBCD. In our experiments, neither
nystatin nor filipin inhibited virus entry, while MBCD
was able to block virus entry in a dose-dependent man-
ner, which was in agreement with a previous report by Li
et al. [32]. These results, together with the fact that dual
immunostaining showed that SARS-CoV and caveolin-1
did not colocalize, suggest that depletion of cholesterol by
MPBCD inhibits SARS-CoV entry, not through interfering
with caveolae-mediated endocytosis per se but most likely
by altering the integrity of membrane lipid microdomains.
Therefore, these results suggest that caveolae-mediated
endocytosis is not involved in the entry of SARS-CoV.
This finding is in agreement with the fact that SARS-CoV
can infect the colon carcinoma cell line Caco-2 [33, 34],
which is devoid of caveolin-1 [35].

Finally, viruses can enter cells via macropinocytosis, a
nonspecific internalization mechanism that does not require
a receptor. Instead, endocytic vesicles form in response
to cell stimulation, which causes lamellipodia at the sites
of membrane ruffling to close and form large, irregular
vesicles known as macropinosomes [4]. A wide variety
of viruses have been reported to use macropinocytosis to
gain entry into host cells, because macropinosomes can
be acidified and intersect with endocytic vesicles [4]. The
process of macropinocytosis requires actin; therefore,
the most commonly used inhibitor of macropinocytosis
is cytochalasin D. We found that treatment of Vero E6
cells with cytochalasin D slightly inhibited viral infection
(Supplementary information Figure S5). However, mac-
ropinocytosis is unlikely to be the main pathway of entry
for SARS-CoV, since SARS-CoV pseudoviruses induced
receptor translocation from the cell surface to intracellular
compartments, and macropinocytosis is not dependent on
a receptor.

Most recently, another group reported that SARS-CoV
may enter the hepatocellular carcinoma cell line HepG2
through clathrin-mediated endocytosis [36]. Importantly,
clathrin-mediated endocytosis is primarily receptor-medi-
ated, and previous research has shown that liver tissue
is largely negative or low for ACE2 protein expression
[37]. Although these authors also used engineered COS7
cells expressing ACE2, which otherwise lack endogenous
ACE2 expression, these cell lines are atypical cell models
in SARS-CoV studies. Since Vero E6 cells have a rela-
tively high level of ACE2 expression and are widely used
for SARS-CoV research, the precise pathway by which
SARS-CoV enters Vero E6 cells needs to be elucidated.
In our study, we used several complementary approached
to investigate SARS-CoV entry in Vero E6 cells, including

CPZ inhibition, clathrin knockdown, and dominate-nega-
tive Eps15.

We have provided direct evidence that in addition to
direct membrane fusion, SARS-CoV can enter cells through
an endocytic route, and this endocytic infection leads to
viral gene expression. Endocytic entry could expand the
cellular range of SARS-CoV, and may explain the replica-
tion of SARS-CoV in ACE2-negative colonic enterocytes
and liver tissue [37], because macropinocytosis-dependent
entry does not require a specific receptor. Our results also
suggest that SARS-CoV is able to enter cells through
receptor-mediated, clathrin-independent, caveolae-inde-
pendent endocytosis, likely through a process involving
lipid rafts.

A previous report showed that cholesterol extraction by
MPBCD treatment slightly reduced the expression of ACE2
at the cell surface in Vero E6 cells. Importantly, there is
no direct colocalization of ACE2 and lipid rafts [32]. This
scenario is similar to that of the HIV-1 coreceptor CXCR4,
which, despite preferential association with the nonraft
membrane fraction of cells, requires cholesterol for normal
function [38]. This observation can be explained by the
complicated conformational changes that occur during
virus entry. For example, in the case of HIV-1, after virus
binding to CD4, the CD4-HIV-1 complex may either leave
the raft compartment in order to associate with CXCR4
outside of rafts or stimulate entry of CXCR4 into rafts. A
similar scenario may exist for SARS-CoV. Although ACE2
does not directly localize in rafts, some unknown factors
involved in virus entry may localize to lipid rafts. Further
detailed experiments are necessary to determine whether
host factors other than ACE2 are involved in virus entry,
and, if so, whether they localize to lipid rafts and how they
interact with ACE2 to facilitate virus entry.

Lipid rafts are sphingolipid- and cholesterol-rich
domains of plasma membrane that contain a variety of
signaling and transport proteins. Lipid raft signaling has
been reported to be important in the pathogenesis of many
diseases [39], so these microdomains of plasma membrane
have been pharmacologically targeted to prevent and treat
these diseases. SARS-CoV is known to cause acute respira-
tory distress syndrome (ARDS), the leading cause of death
due to SARS-CoV infection, as well as a hemophagocytic
syndrome, lymphoid depletion, and skeletal muscle fiber
necrosis, which all result from elevated levels of proinflam-
matory cytokines. Our previous studies showed that ARDS
caused by SARS-CoV is mediated by the renin—angiotensin
system and decreased levels of ACE2 protein [16] due to
downregulation of ACE?2 transcription (unpublished data).
The fact that endocytic entry of SARS-CoV involves lipid
rafts provides new insight into ARDS pathogenesis and
opens up new avenues which could elucidate the mo-
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lecular pathogenesis of elevated proinflammatory cytokine
levels.

These findings are highly relevant for the development
of future therapies directed at SARS-CoV. To date, there
are no specific antiviral drugs that have been shown to
effectively treat SARS. Characterization of the molecular
pathogenesis of SARS-CoV and the evaluation of novel
targets has led to the suggestion that entry inhibitors may
prove to be valuable for the treatment of this disease [40,
41]. Our findings here provide additional information that
can be used for drug design.

Materials and Methods

Generation of cells lines stably expressing ACE?2

Peak 13 plasmids (provided by Dr Brian Seed) encod-
ing human ACE2-Myc, human ACE2-GFP, or a control
plasmid were transfected into HEK293E cells with Lipo-
fectamine 2000 (Invitrogen). Puromycin-resistant clones
with high levels of ACE2-Myc and ACE2-GFP expression
were detected using western blotting and fluorescence
microscopy, respectively.

Expression and purification of spike protein and pseudo-
virus production

HEK293E cells stably expressing S1190-Fc were gener-
ated using the methods described above. The protein was
purified with a protein A column (GE Healthcare), and the
protein concentration was measured with a protein assay
kit from Bio-Rad. Spike protein-bearing pseudotyped virus
stocks were produced as previously reported [15]. Briefly,
HEK293T cells were cotransfected with the pQCXIX
vector, a spike-encoding plasmid (sh-2, provided by Dr
Michael Farzan), or a control plasmid (VSV-G), and a
gag/pol expression plasmid. The pQCXIX vector has been
engineered to insert an EGFP gene. At 48 h post-transfec-
tion, virus supernatants were harvested and filtered through
0.45 pum pore-size filters. Viral stocks were aliquoted and
frozen at—80 °C. Virus titers were determined as previously
described [42].

Spike protein- or pseudovirus-induced receptor transloca-
tion

HEK293E-ACE2-GFP cells (3 x 10* cells) were seeded
onto plates. Twenty-four hours later, supernatant containing
the spike-bearing pseudoviruses, the control pseudovirus,
100 pg of S1190-Fc, or 25 pg of Fc (equimolar amounts
of the proteins) were added to the cells. After a 3-h incuba-
tion at 37 °C, the cells were observed under a fluorescence
microscope. For the experiments using lysosomotropic
reagents, cells were pretreated with 40 mM NH,Cl, 80 nM
bafilomycin A1, or 100 uM chloroquine (Sigma) for 1 h
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at 37 °C. The cells were then treated for 3 h with protein
solutions or with the pseudovirus supernatant containing
the same reagent concentrations. Following this incubation,
the cells were returned to solutions containing the reagents
without the proteins or pseudoviruses. After 9-11 h, the
cells were observed under a Leica fluorescence confocal
microscope.

Immunofluorescence labeling

Vero E6 cells were grown on coverslips to approximately
80% confluence before they were spin-infected with pseu-
dovirus. One hour postinfection, cells were fixed with 4%
PFA, permeabilized with 0.1% Triton X-100, and blocked
with 3% BSA. Cells were then probed with primary anti-
bodies for 1 h (anti-caveolin-1 and anti-EEA1 antibodies
from Santa Cruz Biotechnology, anti-spike antibodies
produced as previously described [43]). After three washes
with PBS, caveolin-1 was detected with Alexa Fluor 488
goat anti-rabbit antibodies (Molecular Probes), EEA1 was
detected with Alexa Fluor 488 rabbit anti-goat antibodies
(Molecular Probes), and spike protein was detected with
Alexa Fluor 568 or 488 goat anti-mouse antibodies (Mo-
lecular Probes). Cells were washed three times with PBS
and mounted on glass slides. For the dominant-negative
protein assay, Vero E6 cells were transfected with plasmids
encoding GFP-EA95/295 or GFP-D3A2 (provided by Alex-
andre Benmerah through Dr Du Feng) with Lipofectamine
2000. Forty-eight hours later, cells were infected with pseu-
dovirus and immunolabeled as described above. Pseudovi-
ruses were immunolabeled with anti-spike antibodies and
detected with Alexa Fluor 568 goat anti-mouse secondary
antibodies. Primary and secondary antibodies were used
at 1:200 and 1:400 dilutions, respectively. Images were
obtained with a Leica confocal microscope.

Confocal image acquisition and processing

For the receptor translocation and immunolabeling
experiments, confocal microscopy and sequential confo-
cal analyses were performed using a Leica laser-scanning
spectrum confocal system linked to a microscope (Leica
TCS SP2). Specific PMT adjustments for GFP, 488 and 568
nm, were used as appropriate. Images were captured using a
100x oil objective (Plan-Apo 1.4) at room temperature with
the confocal acquisition software LCS (Leica). For some
of the images, brightness and contrast adjustments were
applied to the entire image using Adobe Photoshop 7.0.

Drug inhibition of pseudovirus entry into Vero E6 cells
Drug inhibition experiments were carried out as previ-
ously described [44, 45]. Briefly, Vero E6 cells were pre-
treated with the indicated amount of CPZ, MBCD, nystatin,
filipin, or cytochalasin D (Sigma) for 45 min at 37 °C before
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infection. For the confocal microscopy analyses, treated
cells were incubated with pseudovirus for 1 h at 37 °C
before they were fixed and probed with anti-spike primary
antibody and Alexa-488 goat anti-mouse antibody (Molecu-
lar Probes), as described above. For the spectrofluorometry
experiment, treated cells were infected with pseudovirus
for 2 h at 37 °C in the presence of drugs before fresh me-
dium was added, and the cells were incubated at 37 °C for
60 h. Cells were lysed with lysis buffer (1% NP-40, 150
mM NaCl, 10 mM Tris-HCI pH 8.0, 0.02% sodium azide,
2mM EDTA pH 8.0, and 100 pg/ml DTT) in the presence
of 100 ng/ml PMSF protease inhibitor. After the cell debris
was removed by centrifugation at 10 000 rpm for 10 min
at 4 °C, GFP was quantified with an LS-55 spectrofluo-
rometer (Perkin-Elmer) with an excitation wavelength of
488 nm and an emission of 507 nm. The data were further
normalized to the total cell lysate protein concentration,
which was measured with a Bio-Rad kit.

SiRNA assay

The siRNA assay was carried out as previously described
[45]. Briefly, HEK293E-ACE2-Myc cells (10 cells) were
transfected with siRNA directed against clathrin HC (80
pmol; Santa Cruz Biotechnology) or control siRNA using
Lipofectamine 2000. Seventy-two hours later, the effect of
the siRNA treatment was determined by western blotting
using a clathrin HC antibody from Santa Cruz. In paral-
lel, cells were infected with SARS pseudovirus, and GFP
expression was examined 48 h later, as described above.

Transferrin and CTB uptake assays

Vero E6 cells were plated on coverslips the day before
they were used. Cells were pretreated or transfected as
described above and incubated with 5.0 pg Alexa-594
Transferrin or Alexa-594 CTB (Molecular Probes)/ml for
30 min at 4 °C. The cells were then transferred to 37 °C
for 1 h. Un-internalized ligands were removed by washing
with 0.1 M glycine, 0.1 M NaCl at pH 3.0. The cells were
then fixed and analyzed.

Statistical analysis

To compare S1190-Fc- and Fe-induced receptor trans-
location, cells containing obvious vesicles were counted
as positive after a 3-h incubation. In order to eliminate the
potential bias of the researchers, the cells were counted and
analyzed by a college student from Shenyang Pharmaceuti-
cal University, Xiangwu Ju.

Related results are presented as the mean + SD from at
least three independent experiments. Mean values were
statistically compared using two-tailed Student’s z-tests
with a confidence level of 95%.
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