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Abstract Porcine reproductive and respiratory syndrome
virus (PRRSV) and porcine epidemic diarrhea virus (PEDV)
are porcine nidoviruses that are considered emerging and
re-emerging viral pathogens of pigs that pose a significant
economic threat to the global pork industry. Although cho-
lesterol is known to affect the replication of a broad range of
viruses in vitro, its significance and role in porcine nidovirus
infection remains to be elucidated. Therefore, the present
study was conducted to determine whether cellular or/and
viral cholesterol levels play a role in porcine nidovirus infec-
tion. Our results showed that depletion of cellular cholesterol
by treating cells with methyl-f-cyclodextrin (MPBCD) dose-
dependently suppressed the replication of both nidoviruses.
Conversely, cholesterol depletion from the viral envelope
had no inhibitory effect on porcine nidovirus production.
The addition of exogenous cholesterol to MPCD-treated cells
moderately restored the infectivity of porcine nidoviruses,
indicating that the presence of cholesterol in the target cell
membrane is critical for viral replication. The antiviral activ-
ity of MPBCD on porcine nidovirus infection was found to be
predominantly exerted when used as a treatment pre-infec-
tion or prior to the viral entry process. Furthermore, phar-
macological sequestration of cellular cholesterol efficiently
blocked both virus attachment and internalization and,
accordingly, markedly affected subsequent post-entry steps
of the replication cycle, including viral RNA and protein
biosynthesis and progeny virus production. Taken together,
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our data indicate that cell membrane cholesterol is required
for porcine nidovirus entry into cells, and pharmacological
drugs that hamper cholesterol-dependent virus entry may
have antiviral potential against porcine nidoviruses.

Introduction

Nidovirales is a large order of enveloped positive-sense,
single-stranded RNA viruses that consists of the families
Arteriviridae, Coronaviridae, Roniviridae, and Mesoniviri-
dae, whose members infect a broad range of hosts includ-
ing humans and other mammals, birds, fish, insects, and
crustaceans [10, 38, 47, 51]. Although the genome sizes
and virion morphologies of nidoviruses are strikingly dif-
ferent, the genome organization and replication strategy are
comparable across the order. The nidovirus genome is com-
posed of two large open reading frames (ORFs), 1a and 1b,
encompassing the 5'-proximal two-thirds of the viral genome
that encode non-structural proteins (nsps) and the remain-
ing ORFs located in the 3'-proximal genome part that code
for structural proteins [25, 50]. The initial translation from
replicase ORF1a and ORF1b yields large polyprotein (pp)
precursors, ppla and pplab, via a —1 ribosomal frameshift
(RFS), which then undergo autoproteolysis by viral pro-
teases to eventually produce functional nsps, including the
viral RNA-dependent RNA polymerase (RdRp) [3, 47, 59].
The membrane-bound RdRp-containing replication complex
engages in viral genomic RNA replication and subgenomic
(sg) mRNA transcription. The latter finally generates a 3’
co-terminal nested set of sg mRNAs that are used to express
nidoviral structural proteins [25, 49, 50].

Porcine reproductive and respiratory syndrome virus
(PRRSV) is a pathogenic macrophage-tropic arterivirus of
swine that results in reproductive failure in pregnant sows
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and acute or chronic respiratory illnesses in pigs of all ages.
PRRSV primarily replicates in porcine alveolar macrophages
(PAMs) and can establish persistent infection in lymphoid
tissues of infected pigs that lasts for several months. As a
result, PRRSV infection suppresses normal macrophage
function and immune responses and is often associated with
severe disease outcomes, including increased pre-weaning
mortality in growing pigs resulting from secondary bacte-
rial or viral infections, thereby affecting the swine produc-
tion system [17, 37, 49]. Porcine epidemic diarrhea virus
(PEDV) is a pathogenic enterocyte-tropic swine coronavirus
that causes acute enteritis with high mortality rates in neona-
tal piglets. PEDV infection is characterized by severe villous
atrophy in the small intestine that results in watery diarrhea
followed by fatal dehydration and death in newborn piglets
[27, 45]. Although PEDV outbreaks have been reported in
Europe and Asia, the most serious epizootics for nearly the
past three decades have occurred in Asia. However, since the
virus first emerged in the United States in 2013 [52], PEDV
has become recognized globally as a highly contagious and
deadly virus. These two viruses, PRRSV and PEDYV, rep-
resent emerging and re-emerging porcine nidoviruses that
continue to threaten pork-producing countries around world,
leading to huge financial losses to the global swine industry
[20, 27].

Lipid rafts, which are enriched in cholesterol, sphin-
golipids, and associated proteins, are unique liquid-
ordered microenvironments in the plasma membrane and
are involved in a variety of cellular processes as well as
in multiple stages of the virus life cycle. Cholesterol, a
major constituent of lipid rafts, maintains the tight packag-
ing of sphingolipids, and several proteins are partitioned
into these microdomains. Cholesterol depletion destroys
this structural order, leading to disorganization of lipid raft
microdomains and dissociation of bound proteins [2, 22].
Therefore, plasma membrane cholesterol plays important
roles in the infection processes of various non-enveloped
and enveloped viruses [5, 34, 36, 56]. In particular, envel-
oped virus entry requires cholesterol in either the viral or
cellular membrane or both [1, 4, 13, 15, 16, 35, 43, 57,
62]. However, there are few reports on the potential rela-
tionship between cholesterol and the replication of porcine
nidoviruses, although cellular membrane cholesterol has
been shown to be a determinant of PRRSV entry in African
monkey kidney MARC-145 cells [21, 55]. In the present
study, therefore, we investigated the requirement for cho-
lesterol and its mechanism of action in porcine nidovirus
infection. Independent depletion of cholesterol from the
plasma membrane of target cells by treatment with methyl-
B-cyclodextrin (MBCD) significantly impaired PRRSV and
PEDV infection. These inhibitory effects on viral replica-
tion were partially reversible by replenishment with exog-
enous cholesterol. In contrast, porcine nidoviruses were

@ Springer

shown to be resistant to pharmacological reduction of the
cholesterol content of the viral envelope. Our data indi-
cate that cholesterol-enriched microdomains are essential
for PRRSV and PEDV in the cellular membrane, but not
in the viral membrane. Further experiments revealed that
pharmacological depletion of cellular cholesterol primar-
ily interferes with virus binding and penetration and sub-
sequently influences post-entry stages of the PRRSV and
PEDV replication cycle, including viral genomic and sg
RNA synthesis, viral protein expression, and virus produc-
tion. Altogether, our results suggest that cholesterol in the
cellular membrane is critical for porcine nidovirus entry and
that disruption of the cholesterol-dependent entry process
may be an excellent therapeutic option for nidovirus infec-
tion in human or veterinary subjects.

Materials and methods
Cells, viruses, reagents, and antibodies

PAM-pCD163 cells [31] were cultured in RPMI 1640
medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS, Invitrogen), antibiotic-
antimycotic solution (100X, Invitrogen), 10 mM HEPES
(Invitrogen), 1 mM sodium pyruvate (Invitrogen), and non-
essential amino acids (100X, Invitrogen) in the presence
of 50 pg of Zeocin (Invitrogen) per ml. Vero cells were
cultured in alpha minimum essential medium (a-MEM, Inv-
itrogen) with 10% FBS and antibiotic-antimycotic solution.
ST-pAPN cells [39] were cultured in o-MEM with 10%
FBS and antibiotic-antimycotic solution in the presence of
200 pg of G418 (Invitrogen) per ml. The cells were main-
tained at 37 °C in a humidified 5% CO, incubator. PRRSV
strain VR-2332 was propagated in PAM-pCD163 cells as
described previously [29]. PEDV strain SM98-1 was kindly
provided by the Korean Animal and Plant Quarantine
Agency and propagated in Vero cells as described previ-
ously [19, 39]. MBCD and water-soluble cholesterol were
purchased from Sigma (St. Louis, MO) and dissolved in
ethanol and phosphate-buffered saline (PBS), respectively.
These compounds were diluted to the desired concentra-
tions in maintenance medium. PRRSV N and PEDV N pro-
tein-specific monoclonal antibodies (MAb) were obtained
from ChoogAng Vaccine Laboratory (CAVAC; Daejeon,
South Korea). Antibodies to porcine CD163 (pCD163)
and f-actin were purchased from AbD Serotech (Raleigh,
NA) and Santa Cruz Biotechnology (Santa Cruz, CA),
respectively. The polyclonal antibody recognizing porcine
aminopeptidase N (pAPN) obtained from BALB/c mice
immunized with purified pAPN (Sigma) was a gift from
Bang-Hun Hyun (Animal and Plant Quarantine Agency,
Gimcheon, South Korea).
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Cell viability assay

The cytotoxic effects of reagents on PAM-pCD163 and Vero
cells were analyzed using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma) that
allows detection of cell viability. Briefly, PAM-pCD163 and
Vero cells were grown at 1 X 10* cells/well in 96-well tis-
sue culture plates with MPCD or water-soluble cholesterol
treatment for 48 h. After 2 days of incubation, 50 pl of MTT
solution (1.1 mg/ml) was added to each well and the samples
were incubated for an additional 4 h. The supernatant was
then removed from each well, and 150 pl of DMSO was
added to dissolve the formazan crystals produced by MTT.
The absorbance of the solution was measured at 540 nm
using an enzyme-linked immunosorbent assay plate reader.
All MTT assays were performed in triplicate.

Immunofluorescence assay (IFA)

PAM-pCD163 and Vero cells grown on microscope cover-
slips placed in 6-well tissue culture plates were pretreated
with MPBCD or ethanol for 1 h and mock infected or infected
with PRRSV and PEDV, respectively, at a multiplicity of
infection (MOI) of 1. Virus-infected cells were then grown
in the presence of MPBCD or vehicle for 48 h, fixed with
4% paraformaldehyde for 10 min at room temperature (RT)
and permeabilized with 0.2% Triton X-100 in PBS at RT
for 10 min. The cells were blocked with 1% bovine serum
albumin (BSA) in PBS for 30 min at RT and then incu-
bated with N-specific MAb 7 for 2 h. After washing five
times in PBS, the cells were incubated for 1 h at RT with a
goat anti-mouse secondary antibody conjugated with Alexa
Fluor 488 (Molecular Probes, Carlsbad, CA), followed by
counterstaining with 4',6-diamidino-2-phenylindole (DAPI;
Sigma). The coverslips were mounted on glass microscope
slides in mounting buffer (60% glycerol and 0.1% sodium
azide in PBS), and cell staining was visualized using a Leica
DM IL LED fluorescence microscope (Leica, Wetzlar, Ger-
many). In addition, PAM-pCD163 and ST-pAPN cells stably
expressing pCD163 and pAPN, respectively, were grown in
the presence of MBCD or vehicle for 24 h, fixed, and sub-
sequently subjected to IFA with anti-pCD163 or anti-pAPN
antibody as described above. Cell staining was analyzed
using a confocal laser scanning microscope (Carl Zeiss,
Gattingen, Germany).

Fluorescence-activated cell sorting (FACS) analysis

Quantification of virus-infected cells after treatment with
MPBCD was analyzed by flow cytometry. PAM-pCD163 and
Vero cells were pretreated with MPCD, infected with virus,
and maintained as described above. Virus-infected cells
were trypsinized at 48 h postinfection (hpi) and centrifuged

at 250 X g (Hanil Centrifuge FLETA 5) for 5 min. Cell pel-
lets were washed with cold washing buffer (1% BSA and
0.1% sodium azide in PBS), and 10° cells were resuspended
in 1% formaldehyde solution in cold wash buffer for fixa-
tion at 4 °C in the dark for 30 min, followed by centrifuga-
tion and incubation of the pellets in 0.2% Triton X-100 in
PBS at 37 °C for 15 min for permeabilization. After cen-
trifugation, the cell pellets were resuspended in a solution
of primary anti-N MADb, and the mixture was incubated at
4 °C for 30 min. The cells were washed and allowed to react
with an Alexa Fluor 488-conjugated anti-mouse IgG sec-
ondary antibody at 4 °C for 30 min in the dark. The stained
cells were washed again and analyzed on a FACSAria III
flow cytometer (BD Biosciences). Expression of the viral
receptor on the cell surface upon cholesterol depletion was
also evaluated by FACS analysis as described previously
with some modifications [16]. Briefly, PAM-pCD163 and
ST-pAPN cells were trypsinized at 48 h post-seeding. The
detached cells were fixed and then reacted with the primary
antibody or normal mouse IgG1 (Santa Cruz Biotechnol-
ogy), followed by incubation with secondary antibody as
described above. The stained cells were either left untreated
or were treated with MBCD at 37 °C for 1 h and analyzed
using a flow cytometer.

Virus titration

PAM-pCD163 and Vero cells were infected with PRRSV
or PEDV and treated with MBCD or vehicle. The culture
supernatants were collected at different time points (6, 12,
24, 36, and 48 hpi) and stored at —80 °C. The PRRSV titer
was measured by limiting dilution on PAM-pCD163 cells
in duplicate by IFA as described above, and the 50% tissue
culture infectious dose (TCIDs) per ml was calculated using
the Spearman-Kérber method [14]. The PEDV titer was
determined by plaque assay using Vero cells as described
previously [39] and was expressed as plaque-forming units
(PFU) per ml.

Depletion of cholesterol from the virus

Viral stocks were treated with MBCD at various concen-
trations at 37 °C for 1 h followed by ultracentrifugation to
remove the MBCD. The MBCD-treated virus supernatants
were purified through a 20% sucrose cushion (wt/vol) pre-
pared in TE buffer [10 mM Tris-HCI (pH 8.0), | mM EDTA]
by centrifugation at 36,900 rpm for 1 h at 4 °C in a P70AT
rotor (model CP100WX; Hitachi, Hitachinaka, Japan). The
virion cholesterol content was determined using fluores-
cence intensity analysis. Briefly, 96-well plate wells were
coated with 50 ng of the purified viruses in 50 mM sodium
bicarbonate buffer (pH 9.6) and incubated at 4 °C overnight.
Plates were washed three times with washing buffer (0.05%
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Tween-20 in PBS) and blocked with 5% powdered skim milk
(BD Biosciences, Belford, MA) in PBS at 37 °C for 2 h.
After washing, filipin III (Cayman Chemical, Ann Arbor,
MI) was added in triplicate for 1 h in the dark. The plates
were washed, and fluorescence intensity was measured with
a SPARK 10M multimode microplate reader (TECAN,
Minnedorf, Switzerland). In parallel, the purified samples
were used to infect PAM-pCD163 or Vero cells for 48 h,
and the virus-infected cells were independently subjected
to FACS analysis and virus titration to determine PRRSV
or PEDV infection as described above.

Replenishment of cholesterol in the presence of MECD

PAM-pCD163 and Vero cells were first preincubated with
vehicle or MBCD at various final concentrations for 1 h and
then supplemented with or without 100 pg/ml or 40 pg/ml
exogenous cholesterol, respectively, and incubated for 1 h.
The cells were then inoculated with PRRSV or PEDV as
described above. The virus inoculum was removed, and the
infected cells were maintained in fresh medium containing
MPBCD and exogenous cholesterol. At 48 h dpi, the virus-
infected cells were harvested and subjected to FACS analysis
to assess the infectivity of PRRSV and PEDV as described
above. In parallel, the cellular cholesterol content was deter-
mined using a Cholesterol Cell-Based Detection Assay Kit
(Cayman Chemical) according to the manufacturer’s instruc-
tions. Briefly, virus-infected cells were cultivated in the pres-
ence of MPCD and exogenous cholesterol for 48 h, fixed
with Cell-Based Assay Fixative Solution (Cayman Chemi-
cal) for 10 min at RT, and then washed three times for 5 min
each with Cell-Based Assay Wash Buffer (Cayman Chemi-
cal). The cells were incubated with filipin III for 1 h in the
dark. After washing three times in wash buffer, the cells
were counterstained with DAPI, and filipin staining was vis-
ualized using a fluorescent Leica DM IL LED microscope.

Time course of MBCD treatment

PAM-pCD163 and Vero cells were infected with PRRSV
and PEDV, respectively, at an MOI of 1 as described above.
At-1,0,1,2,4,6,8, 10, 12, or 24 hpi, MPCD was added to
maintain the indicated final concentration over the remainder
of the time course experiment. The virus-infected and inhib-
itor-treated cells were further maintained and trypsinized at
48 hpi, followed by centrifugation. The harvested cells were
subjected to FACS analysis to assess the presence of PRRSV
or PEDV infection as described above.

Virus binding and internalization assays

Binding and internalization assays were performed
as described previously with some modifications [8].
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PAM-pCD163 and Vero cells grown in 6-well culture
plates were pretreated and infected with PRRSV and PEDV,
respectively, at an MOI of 1 at 4 °C for 1 h in the presence
of MBCD. Unbound viruses were then removed by washing
with PBS, and the cells were either incubated at 4 °C (allow-
ing virus binding only) or 37 °C (permitting virus binding
and internalization) in the presence of MBCD for 1 h. In
the latter case, the cells were further treated with proteinase
K (0.5 mg/ml) at 37 °C for 45 min to remove bound but
uninternalized virus particles. The PRRSV-infected cells
were then serially diluted in RPMI medium and inoculated
onto fresh PAM-pCD163 cell monolayers in 96-well tissue
culture plates. At 48 h post-incubation, bound or internal-
ized viruses were titrated by IFA as described above, and
the TCIDs, was determined. For PEDYV, the serially diluted
infected cells were inoculated onto uninfected Vero cells,
and, after 48 h, viruses were titrated using plaque assay and
quantified as PFU per ml.

Quantitative real-time reverse transcription polymerase
chain reaction (RT-PCR)

PAM-pCD163 and Vero cells were incubated with MBCD
for 1 h prior to infection and then inoculated with PRRSV or
PEDV at an MOI of 1 for 1 h at 37 °C. The virus inoculum
was subsequently removed, and the infected cells were main-
tained in fresh medium containing MBCD for 48 h. Total
RNA was extracted from lysates of the infected cells at 48
hpi using TRIzol Reagent (Invitrogen) and then treated with
DNase I (TaKaRa, Otsu, Japan) according to the manufac-
turer’s protocols. The concentrations of extracted RNA were
measured using a NanoVue spectrophotometer (GE Health-
care, Piscataway, NJ). Quantitative real-time RT-PCR was
conducted using a Thermal Cycler Dice Real Time System
(TaKaRa) with gene-specific primer sets as described previ-
ously [23]. The RNA levels of viral genes were normalized
to that of mRNA for the p-actin or glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene, and relative quantities
(RQ) of mRNA accumulation were determined using the
2"42C method. To detect alterations in genomic RNA and
sg mRNA levels in the presence of MPCD during porcine
nidovirus infection, the results obtained from drug-treated
cells were compared with those from vehicle-treated cells.

Western blot analysis

PAM-pCD163 and Vero cells were grown in 6-well tissue
culture plates for 1 day and were mock infected or infected
with PRRSV and PEDYV, respectively, at an MOI of 1 in
the presence of MBCD. At the indicated times, cells were
harvested in 80 pl of lysis buffer (0.5% Triton X-100, 60
mM B-glycerophosphate, 15 mM p-nitrophenyl phosphate,
25 mM MOPS, 15 mM MgCl,, 80 mM NaCl, 15 mM EGTA
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[pH 7.4], 1 mM sodium orthovanadate, 1 pg of E64 per
ml, 2 pg of aprotinin per ml, 1 pg of leupeptin per ml, and
1 mM PMSF) and sonicated on ice five times for 1 s each.
Homogenates were lysed for 30 min on ice and clarified by
centrifugation at 15,800 X g (Eppendorf centrifuge 5415R,
Hamburg, Germany) for 30 min at 4 °C. The protein concen-
trations of the cell lysates were determined by BCA protein
assay (Pierce, Rockford, IL). The cell lysates were mixed
with 4xX NuPAGE sample buffer (Invitrogen) and boiled at
70 °C for 10 min. The proteins were then separated on a
NuPAGE 4-12% gradient Bis-Tris gel (Invitrogen) under
reducing conditions and electrotransferred onto Immobilon-
P (Millipore, Billerica, MA). The membranes were subse-
quently blocked with 3% powdered skim milk in TBS (10
mM Tris-HCI [pH 8.0], 150 mM NaCl) with 0.05% Tween-
20 (TBST) at 4 °C for 2 h and reacted at 4 °C overnight with
primary antibodies against PRRSV N, PEDV N, or fB-actin.
The blots were then incubated with secondary horseradish
peroxidase (HRP)-labeled antibody (Santa Cruz Biotech-
nology) at a dilution of 1:5,000 for 2 h at 4 °C. Proteins
were visualized using enhanced chemiluminescence (ECL)
reagents (Amersham Biosciences, Piscataway, NJ) accord-
ing to the manufacturer’s instructions. To quantify the viral
proteins produced, band densities of PRRSV N and PEDV
N proteins were quantitatively analyzed using a computer
densitometer with the Wright Cell Imaging Facility (WCIF)
version of the ImagelJ software package (http://www.uhnre-
search.ca/facilities/wcif/imagej/), based on the density value
relative to that of the f-actin gene.

Statistical analysis

All statistical analyses were performed using Student’s #-test,
and P-values less than 0.05 were considered statistically
significant.

Results

Suppression of porcine nidovirus replication by cellular
cholesterol depletion

To investigate whether cholesterol plays a role in viral infec-
tion, we used MPCD, which is the most common choles-
terol-sequestering agent used for plasma membranes. To
examine the effect of MPCD on porcine nidovirus replica-
tion, PRRSV and PEDV were selected because they are eco-
nomically important viral pathogens in the pork industry.
Based on MTT assay, none of the doses of MBCD tested in
the current study caused detectable levels of PAM-pCD163
or Vero cell death (Fig. 1A). PAM-pCD163 and Vero cells
were pretreated with MPCD at concentrations of 0.5 to 2
mM or with ethanol as a vehicle control for 1 h prior to

infection. MPBCD or vehicle was present throughout infec-
tion. Virus production was initially measured by monitor-
ing cytopathic effect (CPE) after infection and then con-
firmed by immunofluorescence using the respective anti-N
protein MAD at 48 hpi (Fig. 1B). In vehicle-treated control
cells, visible CPE appeared at 24 hpi (data not shown) and
became predominant by 48 hpi, and virus-specific staining
was pronounced in many cell clusters, indicating infection
and spread of the viruses to neighboring cells. In contrast,
MPBCD had an obvious inhibitory effect on porcine nidovirus
propagation. As shown in Fig. 1B, the cholesterol-seques-
tering compound dramatically diminished virus-induced
CPE (first and fourth panels) and expression of PRRSV
and PEDV genes in a dose-dependent manner. Based on
the quantification of N protein by flow cytometry, the pro-
portion (%) of virus-infected cells was noticeably reduced
after MPCD treatment. A maximum of ~80% inhibition of
both viruses was observed in response to 1.5 mM MBCD
(Fig. 1C and D). In addition, the effective doses for inhibit-
ing 50% (EDs,) of the replication of PRRSV and PEDV were
determined to be about 770 pM and 820 pM, respectively.
Taken together, these data show that cholesterol depletion of
target cells efficiently suppresses the replication of porcine
nidoviruses.

We then investigated the effects of cholesterol depletion
on the envelopes of porcine nidoviruses. Each viral stock
was treated with MBCD up to 2 mM prior to inoculation
of the respective target cells. The virion cholesterol con-
tent after MPCD treatment was measured using filipin III
as a fluorescent polyene antibiotic that binds to cholesterol.
As shown in Fig. 2A, viral cholesterol levels were signifi-
cantly reduced in MPCD-treated viruses compared to those
in vehicle-treated viruses. However, in contrast to deple-
tion of cellular cholesterol, the removal of cholesterol from
virions resulted in no significant reduction in the replica-
tion of PRRSV and PEDV, even at the highest concentration
used (Fig. 2B). Furthermore, the titers of both PRRSV and
PEDYV remained unchanged upon treatment of each virus
with MBCD (Fig. 2C). Our results indicate that the viral
cholesterol content is irrelevant to PRRSV and PEDV infec-
tion in vitro.

Effect of depletion and replenishment of cellular
cholesterol on porcine nidoviruses

To verify the importance of cellular cholesterol in porcine
nidovirus infection, we first examined whether replenish-
ment of exogenous cholesterol restored MPCD-induced
inhibition of porcine nidovirus infectivity. To accomplish
this, cholesterol-depleted cells were treated with 100 pg or
40 pg of exogenous cholesterol per ml, which is the high-
est noncytotoxic concentration for PAM-pCD163 or Vero
cells, respectively, before virus inoculation. Both MBCD

@ Springer


http://www.uhnresearch.ca/facilities/wcif/imagej/
http://www.uhnresearch.ca/facilities/wcif/imagej/

3758

J. H. Jeon, C. Lee

Fig. 1 Effects of cellular cho-
lesterol depletion on the replica-
tion of porcine nidoviruses. (A)
PAM-pCD163 (left) and Vero
(right) cells were incubated
with various concentrations

of MBCD for 48 h prior to the
MTT assay, and the cytotoxicity
of MBCD was determined by
the MTT assay. (B) PAM-
pCD163 and Vero cells were
preincubated with MBCD at the
indicated concentrations for 1

h prior to infection and were
mock infected or infected with
PRRSYV or PEDV at an MOI of
1. Virus-infected cells were fur-
ther maintained for 48 h in the
presence of vehicle or MBCD.
For immunostaining, infected
cells were fixed at 48 hpi and
incubated with MAb against the
N protein of PRRSV or PEDV,
followed by incubation with
Alexa-green-conjugated goat
anti-mouse secondary antibody
(first and fourth panels). The
cells were then counterstained
with DAPI (second and fifth
panels) and examined using a
fluorescent microscope at 200x
magnification. (C and D) Viral
production in the presence

of MBCD was calculated by
measuring the percentage of
cells expressing N proteins of
PRRSV (C) or PEDV (D) by
flow cytometry. The values
shown are the means of three
independent experiments, and
error bars represent standard
deviations. *, P = 0.001 to 0.05;
** P <0.001
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Fig. 2 Effects of viral cholesterol depletion on the replication of por-
cine nidoviruses. (A) PRRSV and PEDV stocks were pretreated with
MBCD to remove cholesterol in the viral envelope, followed by ultra-
centrifugation. Virion cholesterol content was determined using the
cholesterol-binding, fluorescing antibiotic filipin III. Fluorescence
intensity was measured using a fluorescence microplate reader. (B)
PAM-pCD163 and Vero cells were infected with the purified PRRSV

and exogenous cholesterol were supplied throughout the
course of infection. The addition of exogenous cholesterol to
MPCD-treated and virus-infected cells was found to signifi-
cantly reverse the antiviral activity of MPCD through deple-
tion of cellular cholesterol. Incubation with MPCD alone
greatly reduced PRRSV production to 12% and 5% at 1.5
mM and 2 mM, respectively, whereas supplementation with
exogenous cholesterol enhanced virus production to 32% and
23% at the same concentrations of MPCD (Fig. 3A). Like-
wise, although PEDV infection declined to 48%, 19%, and
2% in the presence of MPCD alone at 1 mM, 1.5 mM, and 2
mM, respectively, virus production increased to 59%, 26%,
and 10% at the same concentrations of MPBCD when exoge-
nous cholesterol was added (Fig. 3B). To verify these results,
we also investigated alterations in cellular cholesterol con-
tent in cells treated with MPCD and exogenous cholesterol
using a fluorescent filipin III. Cellular cholesterol levels
specifically decreased in virus-infected and MBCD-treated
cells compared to those in virus-infected and untreated cells.
Supplementing exogenous cholesterol distinctly elevated the
cholesterol level in virus-infected and MBCD-treated cells
(Fig. 4). Altogether, the data reveal that cellular cholesterol
content plays a pivotal role in porcine nidovirus infection.

Inhibition of porcine nidovirus replication by cellular
cholesterol depletion at the pre-entry stage of viral
infection

To determine the point at which MBCD acts during por-
cine nidovirus infection, PAM-pCD163 and Vero cells were
treated with MPCD at various time points postinfection.
At 48 hpi, the levels of PRRSV or PEDV replication were

Vehicle

Virus titer (log,, TCID,/ml)
O a2 N W ~ o o ~N

1 2 Mock Vehicle 1 2

MBCD (mM) MBCD (mM)

and PEDV, respectively. At 48 hpi, the virus-infected cells were fixed,
and virus infectivity was determined by measuring the percentage of
cells expressing N proteins of PRRSV or PEDV by FACS. (C) Cul-
ture supernatants were harvested at the same time point, and the titers
of PRRSV and PEDV were measured. The values are representative
of three independent experiments, and error bars indicate standard
deviations

measured indirectly by quantifying the cells that expressed
viral N protein using flow cytometry (Fig. 5). Treating cells
with 2 mM MPCD at —1 and 0 hpi resulted in an approxi-
mately 94% and 79% decrease in PRRSV production,
respectively, in comparison with control levels (vehicle-
treated cells). Strikingly, the addition of MPCD at 1 hpi and
thereafter (post-entry periods) had no significant inhibitory
effect on PRRSV infectivity compared to the control lev-
els. Similarly, treatment of PEDV-infected cells with 2 mM
MBCD up to 0 hpi suppressed viral production by 99-95%,
whereas exposure to the compound at 1-24 hpi resulted in
no reduction in PEDV infectivity. These data showed that
MPCD had to be present pre-infection or at an early stage of
viral infection to exert its antiviral effect as a cellular cho-
lesterol depletion reagent. Therefore, there is an important
effect of cholesterol in the pre-entry period during porcine
nidovirus infection.

Influence of porcine nidovirus entry by cellular
cholesterol depletion

Next, we sought to pinpoint the step(s) in the replication
cycle of porcine nidoviruses that were precisely targeted
by pharmacological depletion of cellular cholesterol. To
address this, the earliest steps, the two stages of virus entry
(virus attachment and penetration), were examined using
an internalization assay after treatment with MBCD. PAM-
pCD163 and Vero cells were inoculated with PRRSV and
PEDV, respectively, at 4 °C for 1 h to allow only virus
attachment and were further maintained either at 4 °C or 37
°C to restrict or permit virus internalization, respectively, in
the presence of MBCD. The samples incubated at 37 °C were
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Fig. 3 Porcine nidovirus infection efficiency after cholesterol deple-
tion and replenishment in cellular membranes. PAM-pCD163 and
Vero cells were preincubated with various concentrations of MBCD
with (4+) or without (-) exogenous cholesterol and infected with
PRRSYV and PEDV, respectively, in the presence or absence of MPCD
and/or exogenous cholesterol as indicated. At 48 hpi, the virus-
infected cells were fixed, and virus infectivity was determined by
measuring the percentage of cells expressing N proteins of PRRSV
(A) or PEDV (B) by FACS. Virus production in PAM-pCD163 and
Vero cells treated with MBCD and cholesterol that was significantly
different from that in cells treated with MPCD alone is indicated. The
data are presented as the mean values from three independent experi-
ments, and error bars represent standard deviations. *, P = 0.001 to
0.05; **, P < 0.001

subsequently treated with proteinase K to remove remaining
viral particles from the cell surface. Serially diluted infected
cells were then subjected to an infectious center assay on
uninfected PAM-pCD163 and Vero cell monolayers, and
virus titers were measured 2 days later by IFA or plaque
assay.

As shown in Fig. 6, the titers of PRRSV and PEDV were
reduced in a dose-dependent manner in cells treated with
MPCD maintained at 4 °C to permit virus binding but pre-
vent internalization, indicating that cholesterol depletion has
an inhibitory effect on virus attachment to these cells. More-
over, production of both viruses was diminished in MBCD-
treated cells incubated at 37 °C to allow virus entry to pro-
ceed, which suggested that cholesterol sequestration disturbs
internalization of PRRSV and PEDV. In addition, we ana-
lyzed the amount of pCD163 or pAPN expressed on the cell
surface after MPCD treatment and found that the surface
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expression level of the viral receptor in cells treated with 2
mM MBCD was similar to that of on vehicle-treated cells
(Fig. 7). Taken together, these results indicate that pharma-
cological depletion of cholesterol hinders virus attachment
and its subsequent penetration event without altering viral
receptor expression and that cellular membrane cholesterol
is indispensable for the porcine nidoviral entry process.

Impairment of nidoviral biosynthesis and progeny
production by cellular cholesterol depletion

Like other positive-sense RNA viruses, following virus
entry, the nidovirus genome is released into the cytoplasm
and promptly serves as a template for translation of viral
proteins by hijacking the host translational machinery. Early
nidoviral translation produces the replicase polyproteins that
are proteolytically processed into nsps, which subsequently
drive de novo synthesis of nidoviral RNA. Therefore, we
focused on the post-entry phases of the viral life cycle to
investigate the functional mechanisms of sequestration of
cellular cholesterol in PEDV infection. Because nidoviral
infection generates genomic and sg RNA species, we first
tested whether the removal of cellular cholesterol specifi-
cally affected genome replication and sg mRNA transcrip-
tion. For this purpose, relative levels of both genomic RNA
and sg mRNA were assessed by quantitative real-time
strand-specific RT-PCR in the presence or absence of MBCD
following porcine nidovirus infection. As shown in Fig. 8A,
MPCD almost completely inhibited the synthesis of PRRSV
genomic RNA and sg mRNA at a concentration of 2 mM
when compared to untreated infected cells. Furthermore, an
analogous effect of MPCD on genome replication and sg
mRNA transcription of PEDV was observed. Little PEDV
genomic RNA and sg mRNA was detected in cells treated
with 1.5 mM MBCD (Fig. 8B). The decreases in viral RNA
levels caused by MPCD did not reflect nonspecific inhibi-
tion of transcription because the internal control (f-actin or
GAPDH) mRNA level remained unchanged in all samples
(data not shown). Taken together, these results indicated that
treatment with MPBCD subsequently suppressed synthesis of
nidoviral genomic RNA and sg mRNA.

Since nidoviral structural proteins are translated from
their respective sg mRNA transcripts late in the infectious
cycle, it is conceivable that suppression of viral protein
expression is a consequence of cascade-like inhibition of
viral RNA synthesis. Thus, we examined whether viral pro-
tein translation was affected by depleting cholesterol from
cell plasma membranes. To accomplish this, PAM-pCD163
and Vero cells were exposed to MPCD for 1 h prior to infec-
tion, and the compound was allowed to remain in the culture
medium during infection and subsequent incubation. The
expression levels of PRRSV and PEDV N proteins in the
presence or absence of MPCD were evaluated at 48 hpi by
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Fig. 4 Cholesterol content A
determination after cholesterol
depletion and replenishment in
cellular membranes. PAM-
pCD163 and Vero cells were
preincubated with various
concentrations of MBCD with
(4) or without (-) exogenous
cholesterol and infected with
PRRSV (A) and PEDV (B),
respectively, in the presence

or absence of MBCD and/

or exogenous cholesterol

as indicated. Virus-specific
CPE was observed daily and
photographed at 48 hpi using a
fluorescent/bright-field micro-
scope at a magnification of
200x (first panels). For immu-
nostaining, infected cells were B
fixed at 48 hpi and incubated

with the cholesterol-binding,

fluorescing antibiotic filipin I1I

(second panels). The cells were
examined using a fluorescence
microscope at 200X magnifica-

tion
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Fig. 5 Effects of cellular cholesterol sequestration on porcine nidovi-
rus propagation at early time points postinfection. PAM-pCD163
and Vero cells were pretreated with MPCD and were mock infected
or infected with PRRSV (A) and PEDV (B), respectively. At 48 hpi,
the virus-infected cells were fixed, and virus infectivity was deter-
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(40 pg/ml)
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(hours post-infection)
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mined by measuring the percentage of cells expressing N proteins of
PRRSV or PEDV by FACS. The data are presented as the mean val-
ues of three independent experiments, and error bars represent stand-
ard deviations. *, P = 0.001 to 0.05; **, P < 0.001

@ Springer



J. H. Jeon, C. Lee

3762
A 5,
5 B Binding assay
? [] Internalization assay
g4
o . 3
o 3 1 X 3
2 %
2
g %
=
>
7]
1]
/4
o
Vehicle 1 2
MBCD (mM)

Fig. 6 Effects of cellular cholesterol depletion on virus entry. PAM-
pCD163 and Vero cells were infected with PRRSV or PEDV at an
MOI of 1 at 4 °C for 1 h, respectively. After washing with cold PBS,
infected cells were maintained in the presence or absence of MPCD,
either at 4 °C (binding) or 37 °C (internalization), for an additional
hour. The virus-infected cells maintained at 37 °C were further
treated with proteinase K at 37 °C. The infected cells were then seri-
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Fig. 7 Effects of cellular cholesterol depletion on cell-surface expres-
sion of pCD163 or pAPN. (A and B) PAM-pCD163 and ST-pAPN
cells cultured in the presence of vehicle or MPCD were fixed at 24
h post-seeding and labeled with antibody against pCD163 or pAPN.
The cells were then counterstained with DAPI, and surface expres-
sion of pCD163 and pAPN was examined using a confocal micro-
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ally diluted and plated onto fresh target cells. At 2 days post-incuba-
tion, internalized viruses were titrated by IFA and plaque assay for
PRRSV (A) and PEDV (B), respectively. The results are expressed
as the mean values from three independent experiments performed in
triplicate, and error bars represent standard deviations. *, P = 0.001
to 0.05; **, P < 0.001
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scope at 400x magnification. (C) PAM-pCD163 and ST-pAPN cells
were grown for 48 h, and one million cells were harvested and incu-
bated with anti-pCD163 or anti-pAPN antibody (red histogram) or an
isotype control (white histogram). The stained cells were then treated
with vehicle or MPBCD and analyzed by flow cytometry
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Fig. 8 Interference with viral RNA synthesis by cellular choles-
terol depletion. PAM-pCD163 and Vero cells pretreated with MBCD
were mock infected or infected with PRRSV (A) and PEDV (B) for
1 h, respectively, and then incubated with either vehicle or MBCD.
Total cellular RNA was extracted at 48 hpi, and strand-specific viral
genomic RNAs (red bars) and sg mRNAs (white bars) of PRRSV
and PEDV were amplified by quantitative real-time RT-PCR. Viral

western blot analysis. Pharmacological depletion of cellu-
lar cholesterol had a detrimental effect on nidoviral protein
translation (Fig. 9). Densitometric analysis of the western
blots revealed that the intracellular expression of both N pro-
teins was dramatically reduced by MBCD, with a maximum
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Fig. 9 Inhibition of viral protein translation by cellular cholesterol
depletion. MPCD-treated PAM-pCD163 and Vero cells were mock
infected or infected with PRRSV (A) and PEDV (B) respectively, for
1 h, and were further cultivated in the presence or absence of MPCD.
At 48 hpi, cell lysates were prepared, resolved by SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and immunoblotted using anti-
bodies that recognize the PRRSV N protein or PEDV N protein. The
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positive-sense genomic RNA and sg mRNA levels were normalized
to those of porcine B-actin or monkey GAPDH mRNA, and relative
quantities (RQ) of accumulated mRNA were determined. The results
obtained with MPCD-treated samples were compared with those
obtained with vehicle-treated samples. The values presented are the
means from three independent experiments, and the error bars denote
standard deviations. *, P = 0.001 to 0.05; ** P < 0.001

of more than 95% inhibition at the highest concentration
(Fig. 9). These data suggested that the sequestration effect of
cellular cholesterol on viral protein expression is attributable
to its specific preceding actions on viral RNA biosynthesis
during nidoviral replication.
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blot was also reacted with mouse MAb against f-actin to verify equal
protein loading. Viral protein expression was quantitatively estimated
by densitometry and expressed as the density value relative to that of
the p-actin gene, and MPCD-treated sample results were compared to
those of the vehicle control. The values shown are the means from
three independent experiments, and the error bars denote standard
deviations. **, P < 0.001
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In addition, virus yields were determined during phar-
macological depletion of cellular cholesterol to investigate
whether endogenous cholesterol is necessary for production
of infectious viral progeny. After infection, viral superna-
tants were collected at 48 hpi, and viral titers were measured.
As illustrated in Fig. 10A, the presence of MPCD suppressed
the growth of viral progeny in a dose-dependent manner. The
peak viral titer was determined to be 105> TCIDs,/ml and
1071 PFU/ml in the vehicle-treated control for PRRSV and
PEDYV, respectively. However, the addition of 2 mM MBCD
reduced titers of PRRSV and PEDV to 10*% TCID,/ml
and 10°% PFU/ml, respectively (representing a more than
2-log reduction compared to control levels). Examination
of the growth kinetics also indicated that porcine nidovi-
rus replication was markedly delayed when the cells were
treated with MBCD at its optimal concentrations for each
virus (Fig. 10B). These findings confirmed that cellular cho-
lesterol content is integral in optimal progeny virus produc-
tion from host cells.

Discussion

The order Nidovirales is a monophyletic group of envel-
oped, positive-strand RNA viruses with human and various

>

Fig. 10 Suppression of viral
progeny production by cel-
lular cholesterol depletion. (A)
PAM-pCD163 and Vero cells
were pretreated with MPCD for
1 h and were mock infected or
infected with virus at an MOI
of 1. MBCD was present in the
medium throughout the infec-
tion. At 48 hpi, virus-containing
culture supernatants were col-
lected, and the titers of PRRSV
(left panel) and PEDV (right
panel) were determined. (B)
Growth kinetics of PRRSV (left
panel) and PEDV (right panel)
after treatment with MBCD,
using the same experimental
conditions as in panel A. At the
indicated time points postin-
fection, culture supernatants
were harvested, and virus titers
were measured. The results are
expressed as the mean values of
two independent experiments
performed in triplicate, and the
error bars represent standard
deviations. **, P < 0.001
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animal hosts that produce a 3’ co-terminal nested set of sg
mRNAs during infection. This order unites the four distantly
related families Arteriviridae, Coronaviridae, Roniviridae,
and Mesoniviridae, based on a number of common proper-
ties such as genome organization, predicted proteomes, and
synthesis of genomic and sg viral RNAs, and it also sepa-
rates them into large- (coronaviruses, toroviruses, and roni-
viruses), intermediate- (mesoniviruses), and small-genome
(arteriviruses) nidoviruses to stress the clear genome size
differences [18, 25, 26, 50]. Research on porcine nidoviruses
is necessary not only for developing strategies to control
these viruses in pig populations but also for understanding
the molecular biology of human or veterinary-important
nidoviruses. Despite extensive attention and research invest-
ment, two porcine nidoviruses, PRRSV and PEDV, continue
to plague pig-producing countries, causing a significant
economic impact on the swine industry worldwide. This is
partially attributable to the lack of efficient vaccines that can
confer full protection against nidoviral infections and the
lack of antiviral agents to treat these infections. Although
cholesterol is required for optimal infectivity of diverse
non-enveloped and enveloped viruses [48, 56], its contribu-
tion to and specific function in porcine nidovirus replica-
tion are currently unknown. The present study showed that
pharmacological sequestration of cholesterol in the cellular
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membrane but not the viral envelope exerts an efficient anti-
viral effect against PRRSV and PEDV in vitro. This effect
could be counteracted by the addition of exogenous choles-
terol, indicating the importance of membrane cholesterol
for porcine nidovirus infection. Depletion of cellular cho-
lesterol using the drug MPCD primarily affected the virus
attachment and internalization stages, significantly affecting
post-entry steps in the replication of porcine nidovirus. Alto-
gether, our data indicate that cellular membrane cholesterol
plays a critical role in entry of PRRSV and PEDV into target
cells.

Because viruses are obligate intracellular parasites, they
have evolved elaborate relationships with their host cells
and developed the ability to modulate lipid composition,
lipid synthesis, and host cell signaling pathways [6]. In par-
ticular, cholesterol-rich microdomains appear to be impor-
tant in the entry of various viruses. Indeed, many viruses
have been shown to exploit cholesterol, which is present
in either the viral envelope [22, 54], cellular membrane [4,
36], or both [40, 48], for maximal virus entry. Furthermore,
accumulating evidence indicates that cholesterol is an essen-
tial component in the life cycle of several nidoviruses. The
depletion of cellular cholesterol inhibits the entry of coro-
naviruses, including mouse hepatitis virus [12], severe acute
respiratory syndrome coronavirus (SARS-CoV) [32], human
coronavirus 229E [42], and avian infectious bronchitis virus
[22] as well as arteriviruses, including equine arteritis virus
[41] and PRRSV [21, 55]. On the other hand, transmissible
gastroenteritis virus (TGEV) and canine coronavirus require
cholesterol both in the target cell membrane and in the viral
envelope [43, 44]. The current study revealed that PRRSV
and PEDV are sensitive to the depletion of cholesterol only
in the cell membrane. Although cholesterol depletion has
been shown to inhibit PRRSV entry into African green
monkey kidney-derived MARC-145 cells, whether plasma
membrane cholesterol is involved in either virus attachment
or penetration or both is unknown [21, 55]. In the present
study, we used a continuous PRRSV-permissive PAM cell
line that is considered the primary cell target for PRRSV in
the natural host, making it a good system for studying virus-
host interactions [31]. In a previous study, Yin et al. [61]
suggested that cholesterol is critical for a post-adsorption
step in the entry of TGEYV, another porcine alphacoronavi-
rus. Porcine CD163 and APN have been shown to confer
permissiveness of non-susceptible cell lines to PRRSV and
PEDV, respectively, and have been identified as key mol-
ecules in the entry of porcine nidoviruses [9, 31, 39]. A
previous report showed that cholesterol depletion did not
alter CD163 expression in MARC-145 cells [21]. Likewise,
the present study indicated that pharmacological depletion
of cellular cholesterol had no effect on the levels of pCD163
and pAPN expression in porcine cells. Recent studies have
indicated that APN is not a functional cellular receptor for

PEDV, suggesting that the presence of the authentic virus
receptor is essential for viral entry [33, 46]. Therefore, it is
still possible that cellular cholesterol is quantitatively related
to a hitherto unidentified receptor for PEDV. Based on our
results, nevertheless, we propose that cellular cholesterol is
important in both the binding and internalization stages of
PRRSV and PEDV entry into susceptible cell lines. These
findings are striking in that these two viruses are known to
use different cell entry mechanisms for the initiation of virus
infection: PRRSV enters PAM cells via receptor-mediated
endocytosis followed by pH-dependent fusion between viral
and endosomal membranes [60], whereas PEDV enters tar-
get cells via virus-receptor interactions, followed by direct
pH-independent fusion of the viral and plasma membranes
[27].

Because cholesterol is an essential lipid component of cell
membranes, its depletion has the potential to inhibit virus
entry via several mechanisms. Cholesterol is a critical struc-
tural component of lipid rafts, together with sphingolipids.
These lipids influence viral infection by regulating viral and/
or cellular membranes and thus can function by preferen-
tially partitioning into specific membrane microdomains [6].
Cholesterol may affect virus entry by modifying interactions
between virus particles and host cell membranes, and lipid
recognition by certain viral constituents may be essential for
virus entry [58]. In the case of SARS-CoV, cholesterol in the
plasma membrane plays an important role in interactions
of the viral spike protein and cellular receptor angiotensin-
converting enzyme 2 for optimal infection [16]. By anal-
ogy, it is feasible that cellular cholesterol depletion might
disturb binding of PRRSV and PEDV to specific cellular
receptors. Secondly, the level of cholesterol is important for
maintaining biological membrane fluidity, and its removal
could reduce the potential for lateral diffusion in the mem-
brane [7]. This reduction in membrane fluidity could have
an influence on the entry of PRRSV and PEDV. Thirdly, the
lipid environment, including the cholesterol level, is known
to contribute to the charge of ion channels formed in cellular
membranes [11]. Considering this issue, ion channel altera-
tions in response to the lack of cellular cholesterol may affect
the entry process of porcine nidoviruses. Lastly, cholesterol
removal has been shown to result in the inhibition of cellular
signaling pathways [53]. We previously found that PRRSV
and PEDV activate specific intracellular signaling networks
such as mitogen-activated protein kinase (MAPK) cascade
pathways to favor replication of these viruses, but these sign-
aling pathways are irrelevant to virus internalization [24,
28-30]. Based on these previous data, cellular cholesterol
does not appear to act through MAPK signaling pathways.
Although our analysis did not provide clear evidence of the
mechanism by which cholesterol promotes porcine nidovi-
rus entry, we assume that the mechanism may differ among
viruses and that cholesterol-dependent virus entry might be
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dependent on more than one of the aforementioned pathways
simultaneously.

In conclusion, our findings indicate that optimal infectiv-
ity of porcine nidoviruses requires cholesterol in the plasma
membrane and that this is critical for the entry of PRRSV
and PEDV. However, cholesterol depletion resulted in a
reduction, but not abolishment, of virus infectivity, indi-
cating that virus entry may still occur with lower levels of
cholesterol but that increased cholesterol content makes this
process more efficient. Future work should address the ques-
tion of whether cholesterol facilitates PRRSV and PEDV
entry through interactions between viral attachment proteins
and cellular receptors and/or by affecting membrane fluid-
ity. The current study indicates that cellular cholesterol is a
key player in the early stages of porcine nidovirus infection,
including attachment and penetration. Impeding porcine
nidovirus entry is a viable antiviral strategy because it likely
acts on extracellular targets, thereby limiting cell damage,
and these viruses might be used as surrogate models for
testing antiviral agents against human nidoviruses. Although
further studies based on in vivo assessments are needed to
evaluate the efficacy and safety of the cholesterol-depleting
agent MPBCD, the results presented here indicate that mol-
ecules or drugs that interfere with cholesterol function in
virus entry should be considered candidates for antiviral
approaches to porcine nidoviral diseases.
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