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In this study, we addressed the question whether cholesterol is important for transmissible gastroenteritis
virus (TGEV), a porcine coronavirus, in the initiation of an infection. We found that cholesterol depletion
from the cellular membrane by methyl-�-cyclodextrin (M�CD) significantly impaired the efficiency of
TGEV infection. Infectivity was also reduced after depleting cholesterol from the viral envelope. This
finding is surprising because coronaviruses bud from a pre-Golgi compartment which is expected to be
low in cholesterol compared to the plasma membrane. Addition of exogenous cholesterol resulted in a
TGEV
Enveloped virus
C
L

restoration of the infectivity confirming our conclusion that efficient TGEV infection requires cholesterol
in both the viral and the cellular membranes. Our data raise the possibility that the viral and cellular
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. Introduction

Transmissible gastroenteritis virus (TGEV) causes severe gas-
roenteritis, a highly contagious intestinal infection with high

ortality rates (up to 100%) in seronegative suckling piglets (Laude
t al., 1993; Saif and Wesley, 1999; Schwegmann-Wessels et al.,
003). TGEV, a member of the family Coronaviridae, is a pleomor-
hic enveloped virus with a positive-stranded RNA genome (Spaan
t al., 1988) and four structural proteins: the spike (S) protein, the
ntegral membrane (M) glycoprotein, the minor envelope (E) pro-
ein, and the nucleocapsid (N) protein (Laude et al., 1993; Spaan et
l., 1988). The coronavirus surface protein S is a major viral antigen
nd its binding to the cellular receptor porcine aminopeptidase N
pAPN) is required for the initial stage of a TGEV infection including
he attachment step and the subsequent membrane fusion event
Delmas et al., 1992; Winter et al., 2006). Membrane microdomains
nriched in glycosphingolipids, cholesterol and certain proteins
for a review, see Schuck and Simons, 2004), also designated lipid

afts, have been described for cells from mammals, Drosophila, Dic-
yostelium and yeast (Drevot et al., 2002). Accumulating evidence
ndicates that membrane microdomains are important in the pro-
ess of virus infection. Particularly, cholesterol, a critical structural
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omponent of lipid rafts, plays an important role in different aspects
f the life cycle of several viruses (Imhoff et al., 2007).

The importance of cholesterol in the entry of nonenveloped
iruses has been demonstrated for simian virus 40 (SV40),
otavirus, enterovirus and rhinovirus (reviewed in Suzuki and
uzuki, 2006). Entry of enveloped viruses into cells involves bind-
ng to specific receptors and fusion of the viral membrane with a
ellular membrane. Successful virus entry may require cholesterol
n either of the two membranes involved or in both. Previous data
how that the infectivity of influenza virus is sensitive to choles-
erol depletion from the viral membrane (reviewed by Smith and
elenius, 2004). More recently we have shown that canine distem-
er virus infection also requires cholesterol in the viral envelope
Imhoff et al., 2007). In contrast, murine leukemia virus, Ebola virus
nd Marburg virus are sensitive to cholesterol depletion from the
ellular membrane (Bavari et al., 2002; Lu et al., 2002). In the case
f human immunodeficiency virus (HIV) and herpes simplex virus,
holesterol is required in both membranes (reviewed by Smith and
elenius, 2004; Nayak and Hui, 2004), while vesicular stomatitis
irus (VSV) replication is not affected by cholesterol depletion.

Current data indicates that depletion of cellular cholesterol by
he drug methyl-�-cyclodextrin (M�CD), a cholesterol depletion
eagent inhibits virus entry of the coronaviruses mouse hepatitis

irus (Thorp and Gallagher, 2004; Choi et al., 2005), severe acute
espiratory syndrome (SARS)-coronavirus (Li et al., 2007), human
oronavirus 229E (Nomura et al., 2004) and avian infectious bron-
hitis virus (Imhoff et al., 2007). As coronaviruses differ widely
n their host and tissue tropism and use quite different cellular

http://www.sciencedirect.com/science/journal/01681702
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eceptors for virus entry, we investigated, for the first time, the
equirement of cholesterol for a porcine coronavirus, transmissible
astroenteritis virus. We analyzed the requirement of cholesterol
ot only in the cellular membrane but also in the viral envelope.
ur data show that depletion of cholesterol in either membrane –

he viral or the cellular membrane – results in a reduction of TGEV
nfectivity.

. Materials and methods

.1. Cells and viruses

Swine testicle (ST) cells and Baby hamster kidney cells (BHK21)
ere maintained in MEM medium supplemented with 5% fetal calf

erum (FCS) and passaged twice a week, respectively. TGEV strain
UR46-MAD and vesicular stomatitis virus (VSV, strain Indiana)
ere propagated in ST and BHK21 cells, respectively. All viruses
sed for the experiments were grown in serum-free medium.

.2. Depletion and replenishment of cholesterol from cells

For removal of the cellular cholesterol, 2 × 105 cells in 1 ml
edium containing 5% FCS were seeded per well of a 24-well plate

nd incubated in a CO2-incubator. Cell monolayers were washed
wo times with PBS and incubated 30 min at 37 ◦C with serum-free
MEM in the absence (control cells) or presence (treated cells) of
�CD (Sigma, USA) ranging form 0 to 15 mM. Then, M�CD was

emoved by washing the cells three times with PBS. For cholesterol
eplenishment, after extraction of cellular membrane cholesterol
sing 12 mM M�CD, cell monolayers were replenished by water-
oluble cholesterol (cholesterol complexed with M�CD, Sigma) by
pplying final concentrations ranging from 50 to 500 �M at 37 ◦C
or 30 min as described by Barman and Nayak (2007).

.3. Depletion and replenishment of cholesterol from virus

For extraction of viral envelope cholesterol, the aliquots of virus
uspensions with a titer of 2 × 105 pfu/ml were treated at 37 ◦C for
0 min with M�CD at concentrations ranging from 0 to 10 mM,
espectively. For cholesterol replenishment, after extraction of viral
embrane cholesterol using 4 mM M�CD, the virus suspensions
ere replenished with cholesterol as described above.

.4. Cell infection analysis

To analyze the effect of cellular cholesterol depletion on virus
nfection, M�CD-treated or non-treated cell monolayers, respec-
ively, were infected with 100 �l virus dilutions in DMEM at an MOI
f 0.001 followed by incubation at 37 ◦C for 1 h on a 24-well plate.
he cells were then covered with 1 ml methylcellulose (1% (w/v)
n DMEM) for 36–48 h. For cell infection analysis after cholesterol
eplenishment, the cholesterol-replenished and non-replenished
ell monolayers were washed three times with PBS, and then 100 �l
f the virus suspensions with an MOI of 0.001 were applied to the
ell monolayers and incubated at 37 ◦C for 1 h. Subsequently, the
ells were washed three times, covered with methylcellulose at
7 ◦C for 36–48 h and the infection efficiency was determined by
icroscopic plaque counting.
To analyze infection efficiency after cholesterol depletion from

iral membranes, cell monolayers were washed three times with

BS and then incubated with M�CD-treated or non-treated (con-
rol) virus suspensions at 37 ◦C for 1 h, respectively. The inoculums
ncluding the control were diluted 103-fold to avoid adverse effects
f M�CD on cells. Subsequently, the cells were washed three times
nd overlaid with methylcellulose at 37 ◦C for 36–48 h.
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To analyze infection efficiency after cholesterol replenish-
ent of the viral envelopes, cell monolayers were washed three

imes with PBS. Then, 100 �l of the cholesterol-replenished or
on-replenished (control) virus dilutions were applied to the
ell monolayers and the infection efficiency was determined as
escribed above.

.5. Determination of cholesterol

To determine cellular cholesterol, confluent monolayers of
T cells grown on six-well plate were treated with various
oncentrations of M�CD as above. In parallel, confluent ST mono-
ayers were replenished by adding various concentrations of
xogenous cholesterol after the treatment with 12 mM M�CD
s described above. Following the different treatments, the cell
onolayers were washed three times with PBS, trypsinised and

entrifuged at 1400 rpm at 4 ◦C for 10 min. The cells were resus-
ended in PBS and subjected to cell counting. Equal cell samples
2.6 × 104 cells/sample) were pelleted at 3000 rpm at 4 ◦C for 5 min.
ubsequently, the cellular cholesterol concentrations were deter-
ined with Amplex® Red Cholesterol Assay Kit (Molecular Probes,
SA), according to the manufacturer’s instructions.

To determine viral cholesterol content, 1 ml TGEV particles
2.5 × 107 pfu/ml) were treated with various concentrations of

�CD or with various concentrations of cholesterol after M�CD
epletion. Non-treated viruses were used as controls. After
entrifugation at 1500 rpm, 4 ◦C, for 10 min, the viruses were sed-
mented by ultracentrifugation at 140,000 × g at 4 ◦C for 1 h. The
irus pellets were suspended in 100 �l PBS. Virus suspensions of
5 �l were mixed with an equal volume of lysis buffer, incubated
ith 150 �l work solution, and subjected to cholesterol concen-

ration determination in triplicates as described above. It should
e noted that TGEV was grown in serum-free medium; therefore,
holesterol measurements are not affected by serum cholesterol.

. Results

.1. Effect of cellular cholesterol on TGEV infection

To determine the importance of cholesterol-rich microdomains
or TGEV infection, we applied M�CD that is commonly used to
eplete cholesterol from cellular membranes. As shown in Fig. 1A,
�CD treatment of ST cells resulted in a dose-dependent reduc-

ion of the cholesterol content. At 12 mM of the drug, the amount of
holesterol was reduced by about 60%. Cells pretreated with 12 mM
�CD were used to analyze the replenishment of cellular choles-

erol by addition of exogenous cholesterol. As shown in Fig. 1B,
dding cholesterol in increasing amounts resulted in an increase of
he cholesterol content of the cellular membranes. At a concentra-
ion of 500 �M, the cholesterol values of the cellular membranes
ere similar to the values determined prior to M�CD treatment.

To analyze the effect of cholesterol depletion from the host cells
n TGEV infection, M�CD-treated or mock-treated cell monolayers
ere infected with virus dilutions at an MOI of 0.001. The effect

f cholesterol depletion was determined 36–48 h.p.i. by a plaque-
eduction assay. As shown in Fig. 2A, the virus infection efficiency
as reduced in a dose-dependent fashion. At a concentration of

2 mM, the infection rate was reduced by about 85%. In contrast,
he infection of cholesterol-depleted cells by VSV was not affected.
o confirm the importance of cholesterol for virus infection, we

nalyzed the recovery of virus infection when exogenous choles-
erol was added to cholesterol-depleted cells. Cells pretreated with
2 mM M�CD were incubated with various cholesterol concentra-
ions and then infected by TGEV. As shown in Fig. 2B, infectivity
ncreased with increasing concentration of cholesterol. At a con-
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Fig. 1. Depletion and replenishment of cholesterol from the cellular membrane. (A)
Effect of M�CD treatment on the cholesterol content of ST cells. After treatment of
ST cells with various concentrations of M�CD, the cellular cholesterol content was
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Fig. 2. Effect of cellular cholesterol depletion and replenishment on TGEV infection.
(A) Effect of M�CD treatment of cells on the infection by TGEV and VSV, respectively.
ST and BHK21 cell monolayers were treated with various concentrations of M�CD;
subsequently, cells were infected with TGEV or VSV, respectively. The 100% infec-
tivity values of TGEV and VSV represent average plaque numbers of 160 and 100,
respectively. (B) Effect of addition of exogenous cholesterol to cholesterol-depleted
cells on the infection by TGEV. ST cell monolayers were treated with 12 mM M�CD
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etermined. (B) Effect of addition of exogenous cholesterol to cholesterol-depleted
ells on the cholesterol content to ST cells. The recovery of cellular cholesterol was
etermined after addition of exogenous cholesterol to cells that have been depleted
y 12 mM M�CD.

entration of 500 �M, infectivity was restored to values that were
lose to the infectivity determined prior to M�CD treatment. These
esults confirm the importance of cellular cholesterol for TGEV
nfection.

.2. Importance of viral cholesterol for TGEV infection

M�CD was also used to deplete cholesterol from the viral mem-
rane. As shown in Fig. 3A, increasing drug concentrations resulted

n a dose-dependent decrease of the cholesterol content. At a con-
entration of 4 mM M�CD, the amount of cholesterol in the viral
embrane was reduced by 75%. When cholesterol-depleted virions
ere incubated with 500 �M exogenous cholesterol, the choles-

erol content of the viral membrane recovered to values measured
rior to depletion by M�CD treatment (Fig. 3B).

To analyze the effect of cholesterol depletion from the viral
embrane on virus infectivity, TGEV and VSV were treated with

arious concentrations of M�CD, respectively. As shown in Fig. 4A,
GEV was found to be sensitive to M�CD. At a concentration of
mM M�CD, infectivity was reduced by about 80%. For comparison,

n our analysis we included VSV which buds from the plasma mem-

rane. As reported previously (Imhoff et al., 2007) the infectivity of
SV is reduced only at higher concentrations of M�CD (Fig. 4A). To
ee whether the effect of cholesterol depletion was reversible, TGEV
as treated with 4 mM M�CD followed by the addition of exoge-
ous cholesterol. As shown in Fig. 4B, replenishment of cholesterol
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a

nd subsequently exogenous cholesterol was added. TGEV was used to infect the
onolayers; the 100% infectivity value corresponds to an average plaque number of

00.

esulted in an increase of the infectivity of M�CD-treated TGEV.
t a concentration of 500 �M of exogenous cholesterol, infectivity
eached 80% of the value determined prior to cholesterol depletion.
hese results demonstrate that cholesterol in the viral envelope is
n important factor for the infectivity of TGEV.

. Discussion

Lipid rafts are membrane microdomains enriched in sphin-
olipids and cholesterol. They contain lipids in liquid ordered phase
nd may correspond to those membrane structures described as
etergent-resistant membranes. Apart from various cellular pro-
esses, lipid rafts have been reported to play a critical role in
ifferent aspects of the virus life cycle such as viral entry, pro-
ein transport and targeting, and assembly and budding (Nayak and
ui, 2004). Cholesterol is a characteristic structural component of

ipid rafts. Cholesterol depletion may therefore result in disorgani-
ation of these membrane microdomains (Scheiffele et al., 1997).
he drug methyl-�-cyclodextrin, a cholesterol depleting reagent
an reduce the cholesterol content and cause disorganization of
ipid rafts efficiently. At the same time, unlike other cholesterol-
inding agents that become incorporated into membranes, M�CD

s a strictly surface-acting agent and can rapidly remove cholesterol
rom the plasma membrane.
In this study, we were especially interested in understand-
ng whether cholesterol is required for TGEV infection and if so,

hether cholesterol is important as a constituent of the virus, of
he host cells or of both. To address this question, we used M�CD
s cholesterol depleting agent to treat either TGEV or swine testicle
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Fig. 3. Changes of viral cholesterol content. (A) Effect of M�CD treatment of TGEV
on the content of cholesterol in the viral membrane. After the treatment with
M�CD at various concentrations, the viral cholesterol content was determined with
cholesterol detection kit. (B) Replenishment of cholesterol in the viral membrane by
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Fig. 4. Importance of cholesterol in the viral envelope on the infectivity of TGEV. (A)
Effect of M�CD treatment of virions on virus infectivity. TGEV and VSV were treated
with 0–10 mM M�CD for 30 min at various concentrations, and the M�CD-treated
viruses were employed to infect the cell monolayers. The 100% infectivity values of
TGEV and VSV correspond to average plaque numbers of 180 and 270, respectively.
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ddition of exogenous cholesterol. Viruses treated with 4 mM M�CD were subjected
o addition of exogenous cholesterol and the virus pellets were used for cholesterol

easurement.

ST) cells prior to virus infection. Our results show that deple-
ion of cholesterol from either the viral or the cellular membrane
esulted in a decrease of the infectivity of TGEV on ST cells. The
oncentration of M�CD and cholesterol we used in this study do
ot produce significant adverse effect on cell viability as shown by
rypan blue staining (data not shown). The drug concentration and
he protocol applied are similar to those described for the analysis
f other viruses (Nayak and Hui, 2004; Imhoff et al., 2007). Other
embers of the family Coronaviridae, MHV, SARS-CoV, HCoV-229E

nd IBV (Thorp and Gallagher, 2004; Nomura et al., 2004; Li et al.,
007; Imhoff et al., 2007) are sensitive to M�CD treatment of host
ells. Therefore, the importance of cholesterol-rich microdomains
ppears to be a general feature of the entry mechanism coro-
aviruses have developed. In the case of TGEV, the cholesterol
ependence is consistent with the presence of porcine aminopep-
idase N in detergent-resistant membrane microdomains. This
olds also true for the human coronavirus 229E which interacts
ith human aminopeptidase N. MHV and SARS-CoV use differ-

nt receptors, MHVR and ACE2, respectively. Surprisingly, both of
hese receptors have been reported to be nonraft-proteins (Thorp
nd Gallagher, 2004; Warner et al., 2005). However, MHVR has
een shown to redistribute to some extent into lipid rafts after

nteraction with MHV (Choi et al., 2005). Thus, cholesterol-rich

icrodomains may contribute to coronavirus entry either by pro-

iding platforms for efficient virus binding to receptors presented
n these membrane domains or by recruiting virus-receptor com-
lexes to promote the entry process.

G
t
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o

B) Effect of replenishment of cholesterol in the viral membrane on the infectivity of
GEV. Virions were treated with M�CD at a concentration of 4 mM, and replenished
ith the 0–500 �M exogenous cholesterol for 30 min. The 100% infectivity value

orresponds to an average plaque number of 160.

We have shown that cholesterol is important not only in the host
ell membrane but also in the viral membrane. This finding may be
urprising because coronaviruses mature by a budding process at
pre-Golgi compartment at the transition from the endoplasmic

eticulum to the Golgi apparatus (Tooze et al., 1984). At the early
ompartments of the secretory pathway, the content of cholesterol
nd sphingolipids is lower compared to the plasma membrane.
herefore, the cholesterol content of coronaviruses is expected to
e lower than that of viruses budding from the plasma membrane.
evertheless, even the membrane of the endoplasmic reticulum
as been shown to contain lipid microdomains (Sevlever et al.,
999). At present we do not know how cholesterol in the viral
embrane affects virus infectivity. However, our results raise the

ossibility that lipid microdomains exist in the membrane of coro-
aviruses. The low concentration of cholesterol may explain that
he infectivity of TGEV is affected by concentrations of M�CD that
re lower than those that affect infectivity of viruses like HIV and
nfluenza virus. Cholesterol treatment of TGEV without prior M�CD
reatment did not affect virus infectivity (data not shown). It will
e interesting in future studies to confirm the importance of viral
holesterol for other coronaviruses and to analyze the membrane
icrodomains in the coronavirus envelope.
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