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Abstract

Cells exposed to simvastatin or to methyl-b-cyclodextrin show reduced poliovirus infection, without alteration in virus binding or on
the kinetics of genome entry, suggesting that the steps which are altered are those post uncoating and genome entry. Reduction of infec-
tion by cyclodextrin is reversed by increasing MOI whereas that produced by simvastatin treatment is not, suggesting that the effects on
infection are not due to a reduction in cholesterol. The differences in the characteristics of inhibition can be explained by the differential
effects of the compounds. Cyclodextrin inhibits the store-operated calcium channels, suggesting that reduction in infection is through
translational inhibition. Simvastatin produces vesicles from internal membranes which cannot sustain viral RNA synthesis, reducing
infection through reduced transcription. The results indicate that the impact on viral infection by the cholesterol-modifying agents is
due to the cellular changes produced rather than due to disruption of the cholesterol-rich domains.
� 2006 Elsevier Inc. All rights reserved.
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Nonenveloped viruses bind to receptor(s) at the cell
membrane and follow different pathways to internalize
their genome [1]. Thus, the genome of simian virus 40
(member of the Poliomaviridae family) and echovirus 1
(from the Picornaviridae family) is internalized through
caveolae [2,3], whereas canine parvovirus, adenovirus,
and some picornavirus penetrate into the cell via clathrin-
coated pits [4,5]. The strategy for entry of different mem-
bers of a family of virus is also unique to each member;
for example, the picornavirus human rhinovirus 2 and 14
are internalized by clathrin-mediated endocytosis but
poliovirus is not [5,6]. There is also increasing evidence that
specific membrane microdomains, defined by their low
temperature insolubility in non-ionic detergents (rafts,
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DIMs) [7], play an important role in the entry of nonenvel-
oped viruses into cells, and that manipulation of the com-
ponents of these domains alters virus infection (reviewed in
[1]). Disruption of rafts is generally accomplished either
through metabolic depletion, by incubating cells in lipopro-
tein-depleted serum supplemented with statins [8], or
through the use of agents that bind to and form water sol-
uble complexes with cholesterol, such as methyl-b-cyclo-
dextrin (MbCD) [9].

Pretreatment of HeLa cells with simvastatin leads to a
substantial reduction in poliovirus (PV) infection as well
as reduction in the translation of poliovirus proteins, with-
out alteration in the binding of virus to the cell membrane
or alteration of the kinetics of entry into cells [10]. It was
shown recently that cholesterol extraction with MbCD also
results in a reduction in poliovirus infection when MbCD is
added to cells prior to poliovirus addition, and is less effec-
tive or even without effect if added at the time of the start
of infection or later. Further, the effects of cyclodextrin
were shown to be reversed by increasing the number of
viral particles used to produce infection [11]. Since the
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Table 1
Cell survival and cholesterol content after simvastatin treatment

Condition Number of cells (cells/
plate) · 106

Cholesterol (pg/cell)

0 h p.i. 6 h p.i.

Control 3.2 ± 0.04 127 ± 25 (10)a

+PV 3.2 ± 0.01
5% LPDS+Simv. 3.2 ± 0.07 61 ± 7 (10)
+PV 3.1 ± 0.08
2% LPDS+Simv. 2.4 ± 0.08 34 ± 4 (7)
+PV 2.0 ± 0.05

The values in the table are given as average and standard deviation.
a Numbers in parentheses indicate amount of determinations performed

on independently prepared cells.
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characteristics of the inhibition of poliovirus infection by
MbCD are different from those obtained in the presence
of simvastatin, a series of experiments were conducted to
understand the origin of the differences observed when
using two different strategies to lower cholesterol. The data
show that exposure of cells to simvastatin leads to vesicu-
lation of internal compartments and, consequently, to a
reduction in titer by a failure to form viral RNA replication
complexes. The reduction in titer due to extraction of cho-
lesterol with MbCD, on the other hand, can be explained
by a cyclodextrin-induced inhibition of protein synthesis
through inhibition of the store-operated calcium entry
channels (SOCC). Thus, these results suggest that the
reduction in poliovirus infection upon exposure of cells
to cholesterol-reducing agents can be ascribed to cellular
effects arising from the drugs used to modify the cholesterol
concentration of the cell membrane, rather than due to dis-
ruption of rafts at the cell membrane.

Materials and methods

Reagents and antibodies. Actinomycin D and cell culture reagents were
purchased from Gibco Laboratories (Grand Island, NY); simvastatin
from Calbiochem (San Diego, CA); Alexa 555-conjugated cholera toxin
subunit B (A555-CTB) from Molecular Probes (Carlsbad, CA), human
poliovirus receptor antibody (clone D171) from NeoMarkers (Fremont,
CA); mevalonate, neutral red and all other reagents from Sigma Chemicals
(St. Louis, MO). Surindac sulfide was a gift from Dr. H. Aktas, Brigham
and Women’s Hospital, Boston, MA, and the antibody to CD55 a gift
from Dr. Xuebin Qin, Brigham and Women’s Hospital, Boston, MA.

Cells and viral infection. Suspension cultures of HeLa S3 cells (Amer-
ican Type Culture Collection, Manassas, VA) were maintained in Eagle’s
minimum essential medium supplemented with 10% fetal calf serum for a
maximum of 8–10 passages. The cells were grown as monolayers in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal
bovine serum or on poly-L-lysin-coated coverslips. Stocks of wild-type
Mahoney type 1 poliovirus were prepared at 37 �C from an original stock
kindly provided by Dr. Marie Chow (Univ. Arkansas Medical School,
Little Rock, AR). Infection of HeLa cells with poliovirus was carried out
at the indicated multiplicity of infection (MOI) by first binding virus at
23 �C for 30 min, followed by two washes with virus-free media and
incubation of infected cells at 37 �C. Poliovirus containing neutral red was
prepared by infecting cells (10 MOI) in the presence of 4 lg/ml neutral red
and maintaining the cultures in the dark [12]. Determination of viral titers
and viral growth curves was performed using established procedures. All
experiments described were repeated a minimum of three times per
experimental condition.

Metabolic labeling of viral proteins. HeLa cells were infected at 37 �C
for 3–5 h, washed three times with methionine/cysteine-free minimal
essential medium, adding 100 lCi [35S]methionine/cysteine mixture per
milliliter in the last wash, and labeled for 45 min at 37 �C. The cells were
then washed with ice-cold PBS, lysed, nuclei removed by centrifugation,
and aliquots analyzed by SDS–PAGE on 12% polyacrylamide gels. The
radioactivity in the individual bands was determined using a Phospor-
Imager (Molecular Dynamics, Sunnyvale, CA).

Cholesterol depletion. Metabolic depletion of cholesterol was done
according to the method described in [8], with minor modifications.
Briefly, HeLa cells were grown for one or 2 days in depletion medium:
DMEM supplemented with 5 lM simvastatin and 500 lM mevalonate
containing either 5% or 2% fetal calf LPDS. Control cells were grown, in
parallel, in DMEM supplemented with 5% FBS. As shown in Table 1, the
cell growth and number was not significantly affected under these exper-
imental conditions (even after 6 h in the presence of poliovirus) and nei-
ther was their viability, as determined by trypan blue exclusion. The
cholesterol content of the cells was determined in lipid extracts of cell
lysates [13] using the Amplex Red Cholesterol Assay (Molecular Probes,
Carlsbad, CA).

Extractions of cholesterol with MbCD were performed for 30 min at
37 �C, at an MbCD concentration of 10 mM in DMEM. After the
extraction was completed, the cells were washed twice with PBS before
adding poliovirus. Infection was done as described above.

Viral RNA synthesis. The synthesis of viral RNA was measured as
described in [14]. Briefly, HeLa cells (3 · 106) grown in monolayer cultures
were infected with poliovirus in the presence of 5 lg/ml Actinomycin D
and 5 lCi/ml [3H]uridine (Amersham Biosciences, Piscataway, NJ) and
incubated at 37 �C. Cells were harvested at different times post infection
(p.i.) by scraping into ice-cold phosphate buffer, TCA precipitated for 15 h
at 4 �C and the precipitate adsorbed onto glass microfiber filters, air-dried,
and the radioactivity counted by liquid scintillation.

Immunofluorescence and localization of the poliovirus receptor. HeLa
cells were grown on poly-L-lysin-coated coverslips and either treated to
lower their cholesterol or maintained in regular medium. At the end of the
treatment period, the cells were washed and fixed for 20 min in PBS-
containing 2% formaldehyde. To visualize the poliovirus receptor and
GM1, cells were first incubated with the appropriate dilution of the
poliovirus receptor antibody (D171), at 37 �C for 1 h, followed by incu-
bation with the secondary antibody (Alexa 488-conjugated goat anti-
mouse antibody, 1:500 dilution) (A488-D171) at 37 �C for 1 h. Cells were
then incubated at 4 �C, for 20 min, with Alexa 555-conjugated cholera
toxin subunit B (A555-CTB) to visualize GM1, washed and mounted with
50% glycerol. Inverting the order of addition of the fluorescent reagents
produced the same results. Confocal images of the HeLa cell surface
labeled with A555-CTB (red) and A488-D171 (green) were generated at
the Nikon Imaging Center at Harvard Medical School on a Nikon E1000
Eclipse automated upright microscope, using a 60·, 1.4 NA objective
lense. Images were collected using a Hamamatsu Orca II dual-mode
cooled CCD camera and processed using the MetaMorph Imaging System
software (Molecular Devices, Sunnyvale, CA). This work was conducted
by Ms. Lara J. Petrak, at the Nikon Imaging Center.

Separation of Triton X-100 insoluble material. HeLa cells were treated
as described above to lower their cholesterol. Untreated and treated cells
were then washed with cold PBS and extracted on ice with 1% (wt/vol)
Triton X-100, followed by homogenization for eight times on ice and
centrifugation (4 �C) at 800g to remove nuclei. Lysates were brought to a
concentration of 40% sucrose (final volume 1.6 ml) and overlaid with
1.6 ml 30% sucrose and 0.8 ml 5% sucrose in TNE. The samples were then
spun in a Beckman rotor SW 60Ti for 18 h (4 �C) [15–17]. Fractions were
collected starting at the top of the tubes and analyzed by Western blot of
raft marker molecules CD55 and GM1.

Electron microscopy. For thin section electron microscopy, cells were
fixed in 2.5% glutaraldehyde and 1% tannic acid in 0.1 M sodium caco-
dylate buffer (pH 7.4) for 1 h at room temperature, washed in 0.1 M
cacodylate buffer, and then postfixed with 1% OsO4 in the same buffer.
Samples were stained en bloc with 1% uranyl acetate, dehydrated in eth-
anol, and embedded in Epon 812 (Electron Microscopy Sciences, Fort



Fig. 1. The poliovirus receptor is located in rafts. (A) Effect of low
cholesterol on raft integrity. HeLa cells were either untreated (control) or
treated to lower cholesterol by incubation in simvastatin-containing,
lipoprotein-deficient serum (5% LPDS) or incubation with methyl-b-
cyclodextrin (MbCD) before lysis with Triton X-100 on ice. Lysates were
subjected to sucrose density ultracentrifugation and fractions 1–7 collected
from the top of the gradients and blotted for GM1. (B) Localization of the
poliovirus receptor. Antibodies to the poliovirus receptor (green) and
fluorescently labeled cholera toxin subunit B (red) (marker for GM1) were
used to determine their colocalization at the plasma membrane (orange-
yellow) by superimposing confocal images in (a) untreated cells and (b)
simvastatin-treated cells.
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Washington, PA). Sections were stained with lead citrate and examined
with a JEOL (Tokyo, Japan) 1200EX electron microscope in the labora-
tory of Dr. Daniel Goodenough, Harvard Medical School.

Measurements of internal Ca2+. The changes in intracellular calcium
concentration were measured as previously described [18,19]. Briefly,
exponentially growing cells were detached, washed with PBS, and loaded
with Fura-2AM (Molecular Probes, Eugene, OR) by incubation for
30 min at 37 �C. Cells were then transferred to a stirred, thermostated
cuvette in a dual-wavelength spectrofluorometer system (Photon Tech-
nology International, Inc., Brunswick, NJ). Changes in internal calcium
were then determined by the absorption shift of the dye by scanning the
excitation spectrum between 340 and 380 nm, and monitoring emission at
510 nm. The results are displayed as the ratio of the emission at 340 to that
obtained at 380.

Results

The first events in poliovirus infection involve binding to
its receptor, a transmembrane protein of the IgG superfam-
ily, followed by a conformational change and genome
uncoating and entry (reviewed in [20]). Since the receptor
is a transmembrane protein, it is possible that changes in
the lipid composition of the plasma membrane could affect
poliovirus infection, in particular if the receptor were locat-
ed in the rafts, domains susceptible to changes in cholester-
ol content.

Simvastatin and methyl-b-cyclo dextrin disrupt the rafts:

The poliovirus receptor localizes in detergent-insoluble

membrane fractions (with the technical assistance of
Ms. Lara J. Petrak).

The data in the literature indicate that metabolic deple-
tion of cholesterol, as well as extraction of cholesterol with
methyl-b-cyclodextrin, disrupts domains which are rich in
cholesterol and insoluble in detergent at low temperature
(DIM, rafts) [7,8,21]. However, the data shown in [11] indi-
cate that this is not the case for HeLa cells exposed to
MbCD. To determine if exposure of HeLa S3 cells to either
simvastatin or to MbCD disrupts rafts, experiments were
conducted to determine the effect of cholesterol depletion
on markers for the regions enriched in cholesterol. HeLa
cells were first treated either with simvastatin or with
MbCD and subsequently exposed to Triton X-100 at low
temperature. The cell-free supernatant was then analyzed
for the effect of the ganglioside GM1, a marker for DIMs
[15]. Fig. 1A shows that cholesterol depletion with simva-
statin (5% LPDS) or with MbCD leads to a substantial
migration of GM1 from the detergent-insoluble fractions
(lanes 1–2) in untreated cells, to the detergent-soluble frac-
tions (lanes 4–7) in low cholesterol membranes, indicating
a disruption of the domains. Essentially the same results
were obtained with another marker of rafts, CD55 [22]
(not shown).

Further studies were undertaken to determine if the
poliovirus receptor is located in the cholesterol-dependent
domains, by staining HeLa cells with a mouse monoclonal
anti-poliovirus receptor antibody and by labeling the gan-
glioside GM1 with the binding subunit of cholera toxin.
The results indicate that the poliovirus receptor (PVR)
resides in the cholesterol-sensitive domains as shown in
Fig. 1B. The image shows yellow regions where the recep-
tor colocalizes with the ganglioside GM1 (Fig. 1B-a). The
right-hand panel (Fig. 1B-b) shows that there is reduced
colocalization of PVR and GM1 in cells pretreated with
simvastatin by the lower amount of yellow shown in the
figure, corroborating the localization of PVR to the rafts.

Metabolic depletion of cholesterol reduces poliovirus

infection

The localization of the poliovirus receptor in rafts sug-
gests that disruption of these domains could affect PV
infection. With this in mind, experiments were performed
to test this hypothesis and to determine the general features
of poliovirus infection in HeLa cells treated with simvasta-
tin. As shown in Table 1 and Fig. 3, this procedure results
in controlled depletion of cholesterol, without affecting cell
viability within the time frame of the experiments.

The kinetics of virus growth in simvastatin-treated cells
was found to be similar to that of untreated cells but with a
clear reduction in the titer (Fig. 2A), even though the bind-
ing of poliovirus particles was unaltered by treatment with
simvastatin (data not shown), as was also the case when
cells were pretreated with MbCD [11]. Further shown in
Fig. 2 is that titer is a function of the cholesterol remaining
in the membrane (Fig. 2B) and that increasing MOI above
three does not lead to recovery of the titer (Fig. 2C). This is
in marked contrast with the results in [11], which indicate



Fig. 2. Effect of reduced cholesterol on poliovirus growth curves and infection. (A) One-step growth curves of poliovirus infection of untreated HeLa cells
(open circles) or HeLa cells treated to contain 50% cholesterol (closed circles) as described in Materials and methods. HeLa cell monolayers were infected
at 3 MOI. Cells were harvested at the indicated times post infection (p.i.) and titers determined by plaque assays. Ratio of bound virus in treated cells to
untreated cells (determined using 35S-labeled virus) = 0.8 ± 01. (B) Dependence of titer on cholesterol concentration. Untreated HeLa cells or cells treated
metabolically to lower cholesterol were infected with poliovirus and harvested at 6 h p.i. to determine PV titer. Data given are averages of at least four
identical experiments (together with their standard deviation) relative to the average titer obtained in untreated cells. (C) Dependence of titer on poliovirus
MOI HeLa cells containing �50% cholesterol were infected at the indicated MOI. Titers were determined 6 h p.i. Data shown are the average (and SD) of
at least three identical experiments plotted in the figure relative to the titer obtained in untreated cells. (D) Effect of low cholesterol on genome uncoating.
HeLa cells were infected with virus labeled with neutral red and the infection started by addition of an agar overlay. At the indicated times after infection,
the monolayers were exposed to white light for a period of 10 min and the plaques were developed in the dark for 48 h, stained and counted.
Photoresistance is expressed as titer at each time point relative to the one obtained when plates were kept in the dark for 6 h. Open symbols: control cells;
closed symbols: low cholesterol cells.
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that infection can be recovered at high enough MOI in cells
treated with MbCD. The next step in entry, uncoating of
the viral genome, was studied in cells infected with virus
grown in the presence of neutral red, which makes the virus
light-sensitive during the initial stages of infection. The
kinetics of light sensitivity correlate with the kinetics of
RNA release, thus making it possible to study the viral
uncoating [12]. HeLa cells were treated with simvastatin
or with vehicle, infected with PV, and exposed to light at
various times after the start of infection. Fig. 2D shows
the titer (relative to that obtained in cells maintained in
the dark) as a function of time post infection (p.i.) during
which the cells were maintained in the dark. The data clear-
ly show that the kinetics of uncoating of poliovirus in low
cholesterol HeLa cells is statistically indistinguishable from
the kinetics of virus entry in untreated cells, indicating that
the inhibition of infection must arise post uncoating, either
by impaired translation or impaired transcription of the
viral genome.

Treatment with simvastatin or with methyl-b-cyclodextrin

reduces the translation of poliovirus proteins

The effect of exposure of cells to cholesterol-lowering
drugs on the viral translational capabilities was examined
as described in Materials and methods, and the results
shown in Fig. 3. Fig. 3A illustrates the reduction in the syn-
thesis of viral proteins when cells are exposed to simvasta-
tin. Lanes 1, 3, and 5 show the protein profile of cells
containing 100%, 50%, and 30% cholesterol, respectively,
and indicate that the protein profile of uninfected cells is
similar at all three cholesterol concentrations. Lanes 2, 4,
and 6 show the protein profile after infection with poliovi-
rus. Comparison of lane 2 (control cells) with lanes 4 and 6
shows that when cells are exposed to simvastatin, the syn-
thesis of poliovirus proteins is greatly reduced, even when
the reduction in cholesterol is only 50% (lane 4), whereas
the synthesis of cellular proteins is virtually unaffected.

The data in panels B and C show the results of increas-
ing MOI on the viral protein synthesis of low cholesterol
cells (lanes labeled ‘‘t’’; lanes from cells with normal choles-
terol: ‘‘c’’). Panel B shows that treatment with MbCD does
not affect the synthesis of cellular proteins (lanes 0),
whereas there is a reduction in the viral protein synthesis
when MbCD-treated cells are infected with poliovirus at
5 MOI (lanes ‘‘5’’, c and t). However, increasing the
MOI to 100 restores the synthesis of viral proteins to a val-
ue almost identical to that of untreated cells (compare lanes
‘‘100’’, c and t). This result is consistent with the recovery
of titer in MbCD-treated cells (cf legend), even though
the DIMs are disrupted when cholesterol is extracted with
MbCD (cf Fig. 1). In contrast, panel C, the gel electropho-



Fig. 3. Effect of low cholesterol on the translation of poliovirus proteins.
(A) Effect of cholesterol content: HeLa cells were grown in 5% FBS
(lanes 1 and 2) (control, 100% cholesterol) or in the presence of either
5% (lanes 3 and 4) or 2% (lanes 5 and 6) simvastatin-containing LPDS
for 48 h and infected with poliovirus (5 MOI) for 6 h. 35S-labeled amino
acids were added during the last 45 min of infection and the cell extracts
analyzed by SDS–PAGE (12%). Lane 1: control cells untreated and
mock infected. Lane 2: control cells after infection with poliovirus. Lane
3: HeLa cells with �50% cholesterol, mock infected and after poliovirus
infection (lane 4). Lane 5: HeLa cells with �30% cholesterol, mock
infected and after PV infection (lane 6). Effect of MOI on translation:
HeLa cells were depleted of cholesterol as indicated below, infected using
two different MOIs and processed as detailed above. (B) Cell cholesterol
was extracted using methyl-b-cyclodextrin (MbCD cells). The lanes are
labeled at the top of the gel either ‘‘c’’ corresponding to lysates of
untreated cells, or ‘‘t’’ for lysates of treated cells. At bottom of gel is
indicated the MOI used for each of the lanes, Æ0æ corresponds to mock
infected cells, Æ5æ cells infected at 5 MOI (titer:), and Æ100æ at 100 MOI.
Titer in untreated cells = 1.5 · 109 pfu/ml (5 MOI) and 2.8 · 109 pfu/ml
(100 MOI). Titer in MbCD cells = 1.5 · 108 pfu/ml (5 MOI) and
1.3 · 109 pfu/ml (100 MOI). (C) Cell cholesterol was lowered by
metabolic depletion (LPDS cells). Titer in untreated cells = 3.1 ·
109 pfu/ml (5 MOI) and 5.2 · 109 pfu/ml (100 MOI). Titer in LPDS
cells = 3.1 · 108 pfu/ml (5 MOI) and 4.5 · 108 pfu/ml (100 MOI). Total
protein concentration ratio: low cholesterol cells/control = 1.02 (LPDS
cells); 0.998 (MbCD cells).
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resis of cells grown in the presence of simvastatin, shows
again that viral protein translation is inhibited in low cho-
lesterol cells (lanes 5, c and t) and that increasing the titer
as high as 100 MOI does not increase the viral protein syn-
thesis (lanes 100, c and t), consistent with the results shown
in Fig. 2.

Effect of low simvastatin or methyl-b-cyclodextrin on

transcription of the viral genome

To determine the steps affected during infection leading
to the inhibition of viral protein synthesis in cells depleted
of cholesterol, experiments were conducted to determine if
transcription of the poliovirus genome is affected in low
cholesterol cells. To this end, the synthesis of viral RNA
was studied following infection with PV, in the presence
of actinomycin D, to inhibit cellular RNA synthesis [14].

As shown in Fig. 4, the incorporation of 3H-labeled uri-
dine into newly synthesized RNA ([3H]RNA) is approxi-
mately 70% lower in simvastatin-treated cells than the
incorporation in untreated cells, at all time points. By con-
trast, the accumulation of [3H]RNA in cells treated with
MbCD is not significantly different than in control cells
(cf Fig. 4). These results suggest that metabolic depletion
of cholesterol leads to an impairment in the transcription
of the viral genome, whereas extraction of cholesterol with
MbCD does not.

Cellular effects of cholesterol depletion by simvastatin

The results described thus far strongly suggest that
reduction of cholesterol using simvastatin or methyl-b-cy-
clodextrin produces different effects in cells, which in turn
affects different steps in poliovirus infection. Previous work
has shown that poliovirus infection leads to the generation
Fig. 4. Effect of low cholesterol on transcription of poliovirus RNA. HeLa
cells were either untreated, grown in 5% fetal LPDS-containing simvastatin,
or in the presence of 10 mM MbCD as described in Materials and methods
and subsequently infected with poliovirus in the presence of actinomycin D
and [3H]uridine. At the indicated times after infection the cells were
harvested and processed as described in Materials and methods. The points
are average of results obtained in at least two separate experiments. No
poliovirus refers to cells not exposed to either drugs or poliovirus.
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of vesicles derived from intracellular membranes,and that
these vesicles constitute the site for viral RNA replication
([23] and references therein). Further, if cells are first trans-
fected with the viral proteins responsible for vesicle forma-
tion (2BC and 3A), subsequent exposure of these cells to
poliovirus results in reduced susceptibility to PV infection
[24,25]. If lowering cholesterol by treatment of HeLa cells
with statins produced vesicles derived from internal mem-
branes, as has been shown to occur in other cells [8], this
could explain the reduced viral RNA transcription
observed in the present study (cf Fig. 4).

The effects of treatment with simvastatin on the mor-
phology of HeLa cells are shown in Fig. 5. Panels (A)
and (B) correspond to control, untreated cells (100% cho-
lesterol) before (A) and 6 h p.i. (B). The arrowheads point
to the characteristic vesicles which form after infection [24].
Panels (C) and (D) are micrographs of uninfected, simva-
statin-treated cells containing 50% (C) or 25% (D) choles-
terol, respectively, showing the presence of vesicles of
various sizes. Micrographs of cells treated with MbCD
were indistinguishable from (A) (data not shown), indicat-
ing that this treatment does not alter cell morphology. The
results shown in Fig. 5 indicate that the amount of intact
internal membranes available as sites for binding of the
poliovirus replicon is reduced in cells treated with simvasta-
tin and this fact, together with previous data [24], provides
circumstantial evidence that the impaired response to infec-
tion observed in cells treated with simvastatin is due to the
Fig. 5. Electron micrographs of low cholesterol HeLa cells. Control cells were
in Materials and methods. LPDS cells were treated to contain 50% and 25%
poliovirus for 6 h. Arrows point to vesicles of various size (arrows). (C) Uninfec
in 2% LPDS to contain �25% cholesterol. Uninfected, low cholesterol cells sho
containing small vesicles (arrows in C and D). Other details in text. Bar 0.5 l
formation of vesicles. Since the morphology of MbCD-
treated cells is unaltered, the same explanation does not
apply to these cells, consistent with the results shown in
Fig. 4.

Cellular effects of cholesterol depletion by methyl-b-
cyclodextrin

Work in several laboratories has established that expo-
sure of cells to MbCD results in the inhibition of the
store-operated calcium channel as well as inhibition of cell
growth and cell cycle arrest in G1 [26–28]. Interestingly, an
antiproliferative agent, clotrimazole (CLT), has also been
shown to arrest cell cycle progression in G1 and to inhibit
the store-operated Ca2+ entry channels [18,29–31]. Experi-
ments were then conducted to determine if the inhibitory
action of MbCD on poliovirus infection could be attribut-
ed to its inhibitory action on the SOCC, by comparing the
results of poliovirus infection in the presence of methyl-b-
cyclodextrin to those obtained in the presence of two other
inhibitors of SOCC: clotrimazole and sulindac sulfide
[31,32] and the results are shown in Fig. 6, indicating that
both CLT and sulindac sulfide (SS) inhibit poliovirus infec-
tion in a time- and MOI-dependent manner, similar to the
action of MbCD, even though neither CLT nor SS modify
cellular cholesterol.

Fig. 6A shows that CLT and sulindac sulfate inhibit
poliovirus infection if added before (�30 min) or at the
processed before and after infection with poliovirus (10 MOI) as described
cholesterol. (A) Untreated cells, mock infected for 6 h; (B) infected with
ted cells grown in 5% LPDS to contain �50% cholesterol. (D) Cells grown
w small vesicles similar to those in (B), as well as large rounded structures

m.



Fig. 6. Effect of inhibitors of store-operated Ca2+-channels on poliovirus
infection. (A) Inhibition of PV infection by CLT and SS depends on time
of addition: CLT (20 lM) and SS (25 lM) were added to HeLa cells at the
indicated times before or during infection with poliovirus (5 MOI). Last
time point (300 min) corresponds to untreated cells. (B) Effect of MOI on
titer of PV infected cells in the presence of CLT or SS. Cells were infected
at the indicated MOI for 6 h, in the presence of 20 lM CLT, or of 25 lM
SS, harvested, and the titer determined as indicated in Materials and
methods.
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time when infection starts (0), as was shown to occur when
cells were exposed to MbCD [11]. Further shown in Fig. 6B
is the fact that increasing the MOI when cells are exposed
to CLT or to sulindac sulfate leads to an increase in titer, as
is the case when cells are exposed to MbCD (cf Fig. 3 and
[11]). The effects described were not found in cells treated
with simvastatin, and they provide strong circumstantial
evidence that methyl-b-cyclodextrin lowers poliovirus
infectivity through the inhibition of the store-operated
Ca2+ entry channels.

Discussion

The experiments described were undertaken to deter-
mine the mode of action of simvastatin and of methyl-b-cy-
clodextrin in their capacity to reduce infection by
poliovirus, since these two agents, which have in common
the ability to reduce plasma membrane cholesterol, affect
PV infection differently [10,11] and thus the reduction of
infectivity cannot be totally ascribed to the lower cholester-
ol. A first step in these experiments was to determine that
treatment of HeLa S3 cells with simvastatin or with MbCD
lowered cholesterol and produced disruption of the rafts,
since Danthi and Chow did not find this to be the case
for the cells they were working with [11]. The results illus-
trated in Fig. 1 indicate that cyclodextrin disrupts the rafts
as judged by the migration of raft markers to detergent-
sensitive domains at low temperature and further shows
that the poliovirus receptor (PVR) resides in the cholester-
ol-rich domains. It is interesting to note that even though
the receptor is part of the rafts, their disruption does not
affect entry of poliovirus, as noted in Fig. 2 and as was
found by Danthi and Chow [11]. This might be explained
by the fact that in lipid bilayers containing the poliovirus
receptor the complex formed by poliovirus and its receptor
undergoes the temperature-dependent conformational
change required for a successful infection, even in the
absence of cholesterol [33]. The results obtained in cells
exposed to either simvastatin or to MbCD would then be
explained if the recruitment of receptors by poliovirus to
form the temperature-dependent, infection permissive com-
plexes were hampered by low cholesterol. However, if this
were the case, increasing MOI would increase the probabil-
ity of forming such complexes and thus bring titer to con-
trol values, independent of the methodology used to
deplete cells of cholesterol. Since this is not the case, given
that only those cells which have been treated with cyclodex-
trin respond to increasing MOI and recover titer, this
strongly suggests that failure of receptor recruitment can-
not be the explanation for the results obtained.

As shown in Fig. 3, cells exposed to the cholesterol-low-
ering drugs have a reduced translation of viral proteins
which can be reversed by increasing the MOI when cells
have been exposed to cyclodextrin (Fig. 3B), whereas this
is not the case for cells treated with simvastatin (cf
Fig. 3C) and the explanation in this case resides in the
results in Fig. 4, which shows clearly that viral protein
translation is inhibited due to the inhibition of viral
RNA synthesis. By contrast, RNA synthesis is not much
changed in cells treated with MbCD (cf Fig. 4).

The reversibility of the effects of MbCD on PV upon
increasing MOI resembles the ability of high MOI to infect
cells, even if they are non-permissive for PV infection [20],
suggesting that the viral machinery is intact and that the
treatment does not completely deplete cells of a component
necessary for the life cycle of the virus, at least within the
time frame of the experiments. In fact, it has been demon-
strated that methyl-b-cyclodextrin does not only extract
cholesterol from cell membranes but it also inhibits store-
operated Ca2+ entry channels and cell growth, and produc-
es cell cycle arrest in G1 [34,26,27,35]. Moreover, and as
shown in Fig. 6, both clotrimazole and sulindac sulfate,
compounds which inhibit the Ca2+-entry channels and cell
growth without changing cellular cholesterol [29,32], also
inhibit poliovirus infection in a time- and MOI-sensitive
manner, in much the same way as methyl-b-cyclodextrin
does. These data taken together support the notion that
MbCD (as well as clotrimazole and sulindac sulfide)
decreases poliovirus infection as a consequence of its ability
to inhibit the store-operated Ca2+ channels and, possibly
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inhibiting the translation of a cellular protein necessary for
effective poliovirus infection.

Exposure of cells to simvastatin produces vesiculation of
internal membranes, as illustrated in Fig. 5. Interestingly,
poliovirus infection produces vesiculation of internal mem-
branes which are the site of RNA replication ([23,36] and
references therein). Furthermore, formation of vesicles,
for instance, by coexpression of 2BC and 3A prior to PV
infection results in impaired infectivity [24,25,37], in much
the same way as exposure of HeLa cells to simvastatin. It is
also possible that the vesiculation induced in simvastatin-
treated cells could result in a reduced level of infection by
preventing the trafficking of cellular proteins required for
viral replication, such as Sam68 [38].

In conclusion, the results presented show that there
are differential effects when applying two different meth-
ods commonly used to modulate the cholesterol content
of cells in order to investigate the role, if any, that rafts
play in the life cycle of poliovirus. Moreover, the effects
that these molecules have on the host are, in most like-
lihood, responsible for the reduction in poliovirus
infection.
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