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Abstract

Lipid rafts are involved in the life cycle of many viruses. In this study, we showed that lipid rafts also play an important role in the life cycle
of severe acute respiratory syndrome (SARS)-coronavirus (CoV). Cholesterol depletion by pretreatment of Vero E6 cells with methyl-b-cyclo-
dextrin (MbCD) inhibited the production of SARS-CoV particles released from the infected cells. This inhibition was prevented by addition of
cholesterol to the culture medium, indicating that the reduction of virus particle release was caused by the loss of cholesterol in the cell mem-
brane. In contrast, cholesterol depletion at the post-entry stage (3 h post-infection) caused only a limited effect on virus particle release. Northern
blot analysis revealed that the levels of viral mRNAs were significantly affected by pretreatment with MbCD, but not by treatment at 3 h post-
infection. Interestingly, no apparent evidence for colocalization of angiotensin converting enzyme 2 with lipid rafts in the membrane of Vero E6
cells was obtained. These results suggest that lipid rafts could contribute to SARS-CoV infection in the early replication process in Vero E6 cells.
� 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Lipid rafts are special microdomains of the cell membrane
where sphingolipids, cholesterol and associated proteins are
enriched. Many biological events such as biosynthetic traffic,
apoptosis, and signal transduction pathways require the
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integrity of rafts microdomains [1]. These membrane struc-
tures can be isolated on the basis of their insolubility in deter-
gents such as Triton X-100 at 4 �C.

Accumulating evidence suggests that many pathogens, es-
pecially viruses, require lipid rafts at multiple stages of their
life cycles. Human immunodeficiency virus type-1 (HIV-1),
Semliki Forest virus and some human enteroviruses require
lipid rafts during the binding and internalization of virus
particles into host cells [2e4]. Interestingly, the receptors or
co-receptors for certain viruses have been reported to be
associated with lipid rafts on cell membranes, such as CD4
for HIV-1 [5], heat shock proteins 70 and 90 for dengue virus
[6] and integrin avb3 for human cytomegalovirus [7]. Raft mi-
croenvironments also provide a platform for virus assembly as
well as viral release. In the case of influenza virus, for exam-
ple, both the cytoplasmic tail and the transmembrane domain
of one of the viral proteins, hemagglutinin, facilitate the
.
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binding of another viral protein, matrix 1, to detergent-resis-
tant lipid rafts [8]. Similarly, lipid rafts were also shown to
be necessary for the assembly of HIV-1 [9] and Sendai virus
[10]. Several enveloped viruses contain lipid rafts on their
membranes, and cholesterol depletion by MbCD was shown
to inactivate and permeabilize the virions, suggesting the im-
portance of virus-associated cholesterol for infectivity
[11,12]. Furthermore, Nef protein of HIV-1 is reported to be
able to increase the infectivity of HIV-1 via lipid rafts [13].
Therefore, lipid rafts could play important roles not only in vi-
rus replication but also in viral pathogenesis.

Recently, the requirement for lipid rafts in the replication of
coronaviruses (CoV), such as murine hepatitis virus (MHV),
has been reported [14,15]. The cholesterol level on cell mem-
branes determines their susceptibility to MHV infection. Fur-
ther experiments revealed that MHV required lipid rafts for
virus entry and fusion, but not for virus release [16]. The
MHV receptor, carcinoembryonic antigen-related cell adhe-
sion molecule 1, so-called CEACAM1, was shown not to be
present in lipid rafts [15,16].

Severe acute respiratory syndrome (SARS)-CoV is a newly
emergent member in the family Coronaviridae that cause a se-
vere infectious respiratory disease [17,18]. Angiotensin con-
verting enzyme 2 (ACE2) was found to be the receptor of
SARS-CoV [19]. SARS-CoV can replicate well in Vero E6
cells and produce a large amount of progeny particles
[20,21]. Although a recent report showed that SARS-CoV en-
velope protein was partially localized on lipid rafts and its
transmembrane domain was required for maintenance of the
membrane permeabilizing activity [22], there has been no di-
rect evidence demonstrating the significance of lipid rafts dur-
ing the replication of SARS-CoV. In the present study, we
examined the significance of lipid rafts for the replication of
SARS-CoV in Vero E6 cells. The data obtained revealed that
lipid rafts in the cell membrane were required in the early
stage of the replication of SARS-CoV.

2. Materials and methods

2.1. Cells and virus

The Vero E6 cell line was used for propagation of SARS-
CoV (Frankfurt-1 strain) [23]. Vero E6 cells were maintained
in MEM (Gibco BRL) supplemented with 10% fetal bovine
serum (FBS; ICN Flow), 100 U/ml penicillin and 100 mg/ml
streptomycin (GIBCO BRL) (complete medium) and passaged
every 3 days. The inoculum of SARS-CoV was the culture
medium from infected Vero E6 cells collected at 2 days
post-infection. The virus titers were determined in 96-well mi-
croplates with Vero E6 cells and the result was expressed as
50% tissue culture infectious dose (TCID)50/ml using Karber’s
method [24].

2.2. Assays for cholesterol level and cell viability

The Vero E6 cells seeded in 12-well microplates were left
untreated or were pretreated with 10 mM MbCD (Sigma) for
30 min at 37 �C, as described previously [15]. After washing
three times with phosphate-buffered saline (PBS), the cells
were cultured in complete medium. After incubation for ap-
propriate times post-treatment, cells were harvested and the ly-
sate was assayed for cholesterol concentration using the
Amplex Red Cholesterol Assay system (Molecular Probes).
For cell viability assay, Vero E6 cells seeded in 96-well micro-
plates were left untreated or were pretreated with MbCD sim-
ilarly as described above. After incubation for appropriate
times post-treatment, cells were subjected to viability assay
by using a cell proliferation assay kit (Chemicon International)
which examines the number of viable cells by measurement of
the overall activity of the mitochondrial dehydrogenases in the
sample. The formazan dye produced by viable cells can be
quantified by measuring the absorbance of the dye solution
at 450 nm.

2.3. Cholesterol depletion, replenishment
and infection with SARS-CoV

The cells seeded in 6-well microplates were either left un-
treated or were treated with variable concentrations of MbCD
for 30 min at 37 �C before incubation for 1 h with SARS-CoV
at a multiplicity of infection (MOI) of 10, 0.1 or 0.001. Alter-
natively, cells were first incubated with SARS-CoV for 1 h,
and then treated with 10 mM MbCD at 3 h after the adsorp-
tion. For each infection, cells were washed three times with
PBS before culturing in MEM supplemented with 2% FBS.
For cholesterol replenishment, cells were first pretreated
with 10 mM MbCD for 30 min as described above, followed
by supplementation of 400 mg/ml of cholesterol (Sigma) in
MEM for 1 h at 37 �C. After three washes with PBS, the cells
were subjected to mock-infection or infection with SARS-
CoV. For investigation of the virus yield, cells were incubated
for 18 h, and the culture supernatant was subjected to virus ti-
tration in Vero E6 cells, as described above.

2.4. Immunofluorescence assay

For analyses of viral antigen expression, immunofluores-
cence assay was performed as described previously [20].
Briefly, Vero E6 cells in an 8-well chamber that was left
untreated or was treated with MbCD before infection or 3 h
after infection. At 6 h post-infection (hpi), the cells were
harvested and washed with PBS, and then fixed with 8% para-
formaldehyde for 30 min at room temperature. The fixed cells
were reacted with 3A2, a monoclonal antibody (MAb) against
anti-SARS-CoV spike (S) protein [20].

2.5. Northern blot analysis

Northern blot analysis for SARS-CoV mRNAs was carried
out as described previously, with some modifications [25].
Briefly, uninfected and infected Vero E6 cells either untreated
or treated with MbCD were harvested. Total RNAs were ex-
tracted with Trizol (Invitrogen). RNAs (5 mg) were subjected
to 1% agarose gel in the presence of formaldehyde, and blotted
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onto a Hybond-Nþ membrane (Amersham). A plasmid encod-
ing the full-length nucleocapsid protein (N) gene, named pEF-
BOS-SARS-N, was constructed by introducing the full-length
N gene into the pEFBOS vector. One fragment (28754e
28323) of the gene was prepared as a probe by restriction en-
zyme digestion of the pEFBOS-SARS-N plasmid using NheI
and XhoI [25]. The DNA probe (100 ng) was denatured at
100 �C for 5 min and then labeled with alkaline phosphatase
using AlkPhos Direct� Labeling and Detection Systems
(GE Healthcare, Life Sciences). Blots were pre-hybridized
with hybridization buffer at 55 �C for 1 h, and then subjected
to hybridization with 10 ng/ml of alkaline phosphatase-labeled
DNA probe at 55 �C for 18 h. After extensive washing, blots
were developed with the CDP-star chemifluorescent detection
system (AlkPhos Direct� Labeling and Detection Systems).
As a control for RNA input, a probe for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was also prepared by
reverse transcriptase-PCR using SuperScript III Reverse
Transcriptase (Invitrogen) with the RNAs isolated from
uninfected Vero E6 cells. The primers for amplification were
as follows: 50-ACC ACA GTC CAT GCC ATC AC-30 and
50-TCC ACC ACC CTG TTG CTG TA-30. The PCR products
(100 ng) were labeled with alkaline phosphatase and used for
hybridization with GAPDH mRNAs by procedures similar to
those described above.

2.6. Flow cytometry analysis

To investigate whether cholesterol depletion affects the ex-
pression of ACE2 on the surface of Vero E6 cells, the cells
were either left untreated or were pretreated with variable con-
centrations of MbCD at 37 �C for 30 min. After washing with
PBS, the cells were detached by treatment with 10 mM EDTA.
The detached cells were reacted with anti-human ACE2 MAb
(R&D Systems). After reaction with fluorescent isothiocyanate
conjugated goat anti-mouse IgG, the cells were subjected to
flow cytometry analysis.

2.7. Membrane flotation assay

Vero E6 cells before and after adsorption with SARS-CoV
at an MOI of 10 for 1 h at 37 �C were subjected to the mem-
brane flotation assay according to a previously described pro-
cedure, with minor modifications [15]. Briefly, about 107 cells
were washed three times in ice-cold PBS, and subsequently
lysed in 1.0 ml of TNE buffer (50 mM TriseHCl, pH 7.4,
100 mM NaCl, 1 mM EDTA) containing 1% Triton X-100.
The lysate was homogenized by passage through a 27-gauge
needle on a 1-ml syringe 20 times and subsequently centri-
fuged at 2000 rpm for 5 min at 4 �C to remove the cell nuclei
and debris. The post-nuclear supernatant was incubated at
4 �C for 1 h and then mixed with 1 ml of ice-cold 80% (w/v)
sucrose in TNE buffer. This mixture was put at the bottom of
a Beckman SW50.1 ultracentrifuge tube, and overlaid with
2 ml of ice-cold 30% (w/v) sucrose in TNE buffer, and 1 ml
of ice-cold 5% (w/v) sucrose in TNE buffer. Then, the sample
was centrifuged at 35,000 � g at 4 �C for 17 h. Finally, 12
fractions were prepared from the top to the bottom of the
tube and examined for the presence of ACE2 by Western
blot analysis, as described below.

2.8. Western blot analysis

For Western blot analysis, each fraction obtained by mem-
brane flotation assay was mixed at a 3:1 (v/v) ratio with 4�
concentrated nonreducing sodium dodecyl sulfateepolyacryl-
amide gel electrophoresis sample buffer. Each fraction
(20 ml) was subjected to sodium dodecyl sulfateepolyacryl-
amide gel electrophoresis. The Western blots were incubated
with anti-human ACE2 MAb (R&D Systems), anti-human
transferrin receptor (TfR) MAb (Zymed Laboratories, Invitro-
gen) or anti-caveolin-1 polyclonal antibody (Chemicon Inter-
national) at 37 �C for 2 h. The blots were then washed three
times in PBS containing 0.1% Tween-20 (PBST), and incu-
bated with horseradish peroxidase-conjugated goat anti-mouse
or anti-rabbit IgG (Jackson ImmunoResearch Laboratories) for
1 h at room temperature. Finally, the protein bands were visu-
alized using the ECL plus Protein Detection System
(Amersham).

2.9. Dot-blot analysis

For dot-blot analysis, a PVDF membrane (Immobilon-P,
Millipore) was pretreated with methanol, followed by soaking
in PBST for 5 min. Ten microliters of each sample fraction
was dot-blotted on the membrane. After air-drying, the mem-
brane was blocked with 1% bovine serum albumin in PBST at
room temperature for 2 h. Ganglioside GM1 was detected with
cholera toxin-peroxidase (Sigma) at 0.5 mg/ml for 30 min at
room temperature, followed by washing 3 times with PBST,
then the membrane was developed with the ECL plus Protein
Detection System as described above.

3. Results

3.1. Depletion of cholesterol from the Vero E6 cell
membrane by MbCD with no effect on the cell viability

To investigate the kinetics of the change of cholesterol level
in Vero E6 cells, the cells were either left untreated or treated
with 10 mM MbCD. These cells were collected just after treat-
ment or 1, 3, 5, 7, and 9 h post-treatment. Cell lysates were
prepared and subjected to the Amplex Red Cholesterol Assay.
As shown in Fig. 1A, the cholesterol level decreased about
40% soon after the treatment. Subsequently, the level in-
creased gradually to reach to the normal level at 5e7 h post-
treatment. Thus, treatment of Vero E6 cells with 10 mM
MbCD was able to remove cholesterol from the cells, as de-
scribed in other reports [15].

To exclude the possibility that this concentration of MbCD
might cause cell toxicity to Vero E6 cells, cell proliferation as-
says were performed at 0, 3, 9, and 24 h post-treatment. As
shown in Fig. 1B, there was no apparent difference in the
cell numbers between treated and untreated Vero E6 cells,
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Fig. 1. Reduction of cholesterol levels in Vero E6 cells by MbCD treatment and its effect on cell proliferation. Semi-confluent monolayers of Vero E6 cells in 6-

well microplates were left untreated or were treated with 10 mM MbCD. After washing three times with PBS, the cells were collected at the indicated time points

and subjected to the Amplex Red Cholesterol Assay as well as the cell proliferation assay to show the effect of MbCD on cholesterol levels (A) and cell prolif-

eration (B), respectively. Experiments were repeated three times and the arrow bars indicate the standard deviations of three independent experiments.
indicating no induction of cytotoxicity at a concentration of
10 mM MbCD.

3.2. Inhibition of SARS-CoV yield by MbCD treatment

Vero E6 cells were left untreated (Treat:N) or were pre-
treated with 5 mM and 10 mM MbCD for 30 min at 37 �C,
then infected with SARS-CoV at various MOIs, i.e., 10, 0.1
and 0.001. These infected cells were cultured for 18 h. The vi-
rus production in the resulting culture fluid was assayed by ti-
tration on Vero E6 cells, as described in Section 2. The results
were expressed as TCID50 per ml. As shown in Fig. 2A,
MbCD treatment impaired the virus production at a dose-
dependent manner, suggesting that the cholesterol is necessary
for the replication of SARS-CoV in Vero E6 cells. The impair-
ment of the virus production was more apparent in cells in-
fected with lower MOIs of SARS-CoV. To confirm the
importance of cholesterol for SARS-CoV replication in Vero
E6 cells, after depletion of cellular cholesterol by pretreatment
with 10 mM MbCD for 30 min, cholesterol was added back
(Treat:�0.5 þ CHO) and then the virus production after re-
plenishment was similarly investigated (Fig. 2B). The choles-
terol replenishment could restore the virus production in all
cases, as evidenced by similar levels of viral production as
in untreated cells. These results suggest that the reduction of
virus production was specifically due to the cholesterol deple-
tion, and this effect was reversible. Next, we attempted to find
out whether depletion of lipid rafts after the early stage of
SARS-CoV life cycle has an inhibitory effect on virus produc-
tion. Vero E6 cells were infected with SARS-CoV, and after
incubation for 3 h, the cells were treated with MbCD
(Treat:þ3). At 18 hpi, virus production in the culture fluid
was examined. As shown in Fig. 2B, the treatment after virus
entry had only a mild effect, suggesting that cholesterol was
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mainly required during the early stage of SARS-CoV
replication.

3.3. Contribution of lipid rafts to the early stage
of SARS-CoV replication

Next, the amounts of viral mRNAs inside the cells at 3 and
6 hpi were examined by Northern blot analysis. As shown in
Fig. 3, at 3 hpi even at an MOI of 10, the level of viral mRNAs
was significantly decreased in Vero E6 cells treated with
MbCD at 30 min before infection (Treat:�0.5), compared
with that in untreated cells (Treat: N), suggesting that virus
entry was reduced by the depletion of cholesterol from the
cell membrane. In addition, pretreated and untreated cells
were similarly infected and at 3 hpi, cells were treated with
MbCD (Treat:þ3) and infected cells were incubated for
another 3 h. When the viral mRNAs from the cells were com-
pared, we found that at 6 hpi, cells pretreated with MbCD
showed a significantly lower level of mRNA than untreated
cells, but both types of cells showed much higher levels of
viral mRNAs than at 3 hpi, indicating that mRNAs synthesis
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After culturing for 3 and 6 h, respectively, total RNAs were extracted and sub-

jected to Northern blot analysis with a DNA probe for the SARS-CoV N gene.

As a control for RNA input, the same amounts of the RNA samples were sub-

jected to Northern blot analysis for GAPDH gene expression.
was proceeded successfully. The treatment with MbCD at
3 hpi caused only a moderate effect, suggesting that the reduc-
tion of viral mRNA synthesis may have resulted from the
blockage of an early process before starting the synthesis of
viral messages. In addition, when immunofluorescence was
performed to examine the viral antigen expression level using
a MAb against SARS-CoV S protein, a clear reduction of viral
antigen expression at 6 hpi was observed in the cells pretreated
with 10 mM MbCD when infected at an MOI of 10 (data not
shown).

3.4. No direct colocalization of ACE2 with lipid rafts

Flow cytometric analysis revealed that cholesterol extrac-
tion by MbCD treatment could reduce the expression level
of cell surface ACE2 at a dose-dependent manner (Fig. 4A),
suggesting that there may be some association of ACE2 with
lipid rafts. We therefore performed membrane flotation assays
to examine the localization of ACE2 in Vero E6 cells before or
after SARS-CoV adsorption. As shown in Fig. 4B (upper four
panels), ACE2 was mainly detected in fractions 9, 10 and 11,
where TfR, used as a non-raft marker, was also enriched.
Markers of lipid raft fractions, Caveolin-1 and GM1, were
shown to be localized in the detergent-resistant membrane
fractions, where ACE2 was not enriched. The data above sug-
gested that ACE2 were not directly associated with lipid rafts.
Next, we further examined possible shift of ACE2 location af-
ter virus adsorption (Fig. 4B, lower two panels). However, no
apparent shift of ACE2 to rafts area was observed, suggesting
that the virus binding could not trigger the re-localization of
ACE2 in rafts membranes.

4. Discussion

Lipid rafts in the Vero E6 cell membrane were shown here
for the first time to be necessary for the replication of SARS-
CoV. Depletion of cholesterol by MbCD pretreatment signifi-
cantly inhibited the virus production, especially when cells
were infected at a low MOI. Subsequent experiments revealed
that this inhibition probably was caused by blockage of early
step of virus replication.

An investigation of virus infectivity revealed that choles-
terol depletion impaired the virus production. The inhibitory
effects could be reversed by replenishing cholesterol, implying
the direct involvement of cholesterol in this process. The ex-
tent of the inhibition seemed to be dependent on the MOIs, al-
though this finding might have resulted from the long
incubation time that was needed for the virus infectivity assay.
Since the cholesterol level in cell membranes was shown to be
able to gradually increase to a similar level to that in untreated
cells at 7e9 h post-treatment, the susceptibility of the cells to
SARS-CoV infection might also have recovered, which would
enable the next round of infection, especially when we in-
fected the cells at higher MOI. This could be the reason for
the less significant effects of MbCD pretreatment in the cells
infected at higher MOIs, especially when we evaluated the ef-
fect of MbCD by virus infectivity.
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SARS-CoV was shown to be able to enter Vero E6 cells by
fusion with cell membranes at 3 h after adsorption [26]. In this
study, to investigate whether lipid rafts play a role in post entry
step(s) or not, we treated the cells at 3 hpi. Both the results on
virus particle release and virus antigen expression revealed
that the Treat:þ3 caused little inhibition of SARS-CoV repli-
cation, suggesting that cholesterol is mainly required in the
early stages. Analysis of virus mRNA expression by Northern
blotting suggested that the extent of virus entry was greatly re-
duced by depletion of cholesterol from the cell membrane,
again indicating that cholesterol was required during the early
stage of virus replication.

Many viruses utilize receptors that localize in raft microdo-
mains of host cells for successful entry. We therefore exam-
ined the ACE2 expression level after MbCD treatment by
flow cytometry. The result showed that MbCD treatment
slightly decreased the expression level of ACE2 in the cell
membrane at a dose-dependent manner. Thus, there might be
some association between ACE2 and lipid rafts in the cell
membrane. However, membrane flotation assays showed that
ACE2 was not colocalized with lipid rafts in Vero E6 cells ei-
ther uninfected or adsorbed with SARS-CoV. This result may
be consistent with another report showing that ACE2 were not
raft-colocalized in CHO cells [27]. In the case of HIV-1, major
receptor CD4 is localized in lipid rafts, whereas the coreceptor
CXCR4 is not directly associated with lipid rafts [5]. However,
CXCR4 functionally requires cholesterol in target cells mem-
branes [28]. Consequently, the discrepancy obtained by flow
cytometry and membrane flotation assay in our study may
be explained by the possible presence of unknown host fac-
tor(s) that could be localized in lipid rafts and play a role in
the virus entry. SARS-CoV is known to utilize both endocyto-
sis and fusion process to enter host cells [29]. Both pathways
could be impaired by the extraction of cholesterol from cell
membrane [1]. Further detail experiments would be necessary
for determination which pathway was blocked by MbCD
treatment.

Our results seem to be consistent with the findings obtained
about MHV [15,16]. Lipid raft membrane structures were
shown to be required for the entry, but not the viral particle re-
lease of MHV. The cellular receptor for MHV, CEACAM-1,
was not enriched in raft-containing membranes. Cholesterol
depletion had no effect on the binding of the virus to the cells;
however, virus entry and virus-induced fusion were impaired,
suggesting that cholesterol might be required at a post-binding
stage [20]. In the case of another coronavirus, human corona-
virus 229E (HCoV-229E), the cellular receptor CD13 was
shown to be localized in the lipid rafts. The colocalization
of HCoV-229E and caveolin-1 occurred under physical condi-
tions; however, depletion of cholesterol by pretreatment with
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MbCD reduced the colocalization without a significant effect
on the binding of virus to cells. The depletion of cholesterol
with MbCD significantly reduced the HCoV-229E redistribu-
tion and subsequent infection [30].

In the present study, we found that lipid rafts were required
for the early stage of SARS-CoV replication and cholesterol
may be required during the post-binding stage, as found for
MHV [16]. Further detailed studies will be needed for under-
standing the mechanism to inhibit the SARS-CoV life cycle as
well as for the possible application of this finding to the design
for anti-SARS-CoV therapy.
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