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Porcine  reproductive  and  respiratory  syndrome  virus  (PRRSV)  and  porcine  epidemic  diarrhea  virus  (PEDV)
are  porcine  nidoviruses  that  represent  emerging  viral  pathogens  causing  heavy  economic  impacts  on the
swine  industry.  Although  ribavirin  is  a well-known  antiviral  drug  against  a broad  range  of  both  DNA
and RNA  viruses  in  vitro,  its  inhibitory  effect  and  mechanism  of  action  on  porcine  nidovirus  replication
remains  to  be  elucidated.  Therefore,  the  present  study  was  conducted  to  determine  whether  ribavirin  sup-
presses  porcine  nidovirus  infection.  Our  results  demonstrated  that  ribavirin  treatment  dose-dependently
inhibited  the  replication  of  both  nidoviruses.  The  antiviral  activity  of  ribavirin  on  porcine  nidovirus  repli-
cation  was  found  to  be primarily  exerted  at early  times  post-infection.  Treatment  with  ribavirin  resulted  in
marked reduction  of  viral  genomic  and  subgenomic  RNA synthesis,  viral  protein  expression,  and  progeny
virus  production  in  a dose-dependent  manner.  Investigations  into  the  mechanism  of  action  of  ribavirin
against  PRRSV  and  PEDV  revealed  that  the addition  of  guanosine  to the  ribavirin  treatment  significantly

reversed  the  antiviral  effects,  suggesting  that  depletion  of the  intracellular  GTP  pool  by  inhibiting  IMP
dehydrogenase  may  be  essential  for ribavirin  activity.  Further  sequencing  analysis  showed  that  the  muta-
tion frequency  in  ribavirin-treated  cells  was  similar  to that  in untreated  cells,  indicating  that  ribavirin
did  not  induce  error-prone  replication.  Taken  together,  our  data  indicate  that  ribavirin  might  not  only  be
a good  therapeutic  agent  against  porcine  nidovirus,  but  also  a  potential  candidate  to  be  evaluated  against
other  human  and  animal  coronaviruses.
. Introduction

The Nidovirales are an order of enveloped single-stranded
ositive-sense RNA viruses with animal hosts that include the fam-

lies Arteriviridae, Coronaviridae,  and Roniviridae (Cavanagh, 1997;
ayo, 2002; Spaan et al., 2005). Despite striking differences in

enome size and virion morphology, the genome organization and
xpression strategy of the two groups belonging to the Nidovi-
ales order were found to be comparable. The nidovirus genome
ontains two large ORFs, 1a and 1b, comprising the 5′ two-thirds
f the viral genome encoding non-structural proteins (NSPs) and
he remaining ORFs located in the 3′ terminal region coding for
tructural proteins (Lai et al., 2007; Snijder and Spaan, 2007). The
nitial translation from ORF1a and ORF1b yields the 1a and lab
eplicase polyproteins, respectively, which are then proteolytically
rocessed into functional NSPs including the viral RNA-dependent
NA polymerase (RdRp) (Bautista et al., 2002; van Aken et al.,

006; Ziebuhr et al., 2000). The RdRp-containing replication com-
lex mediates genomic RNA replication and subgenomic (sg) mRNA
ranscription, eventually generating a nested set of 3′-coterminal
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sg mRNAs that are individually translated to structural proteins (Lai
et al., 2007; Snijder and Spaan, 2007).

Porcine reproductive and respiratory syndrome virus (PRRSV), a
pathogenic macrophage-tropic arterivirus of pigs, is the etiological
agent of acute respiratory illness in young piglets and reproductive
failure in pregnant sows (Albina, 1997). PRRSV primarily replicates
in porcine alveolar macrophages (PAMs) and can establish persis-
tent infection in lymphoid tissues of infected pigs that lasts for
several months (Albina et al., 1994; Christopher-Hennings et al.,
1995; Duan et al., 1997; Wills et al., 2003). As a result, PRRSV
infection results in suppression of normal macrophage functions
and immune responses, which may  render pigs susceptible to sec-
ondary bacterial or viral infections, leading to more severe disease
than either agent alone (Allan et al., 2000; Feng et al., 2001; Harms
et al., 2001; Wills et al., 2000). Porcine epidemic diarrhea virus
(PEDV), a pathogenic enterocyte-tropic coronavirus of swine, is the
etiological agent of acute enteritis, which is characterized by lethal
watery diarrhea followed by dehydration leading to death with
a high mortality rate in suckling piglets (Debouck and Pensaert,
1980). These two  viruses, PRRSV and PEDV, are devastating porcine

nidoviral pathogens that have still continued to plague swine-
producing nations, causing tremendous economic losses to the
global and Asian pork industries (Neumann et al., 2005; Pensaert
and Yeo, 2006).

dx.doi.org/10.1016/j.virusres.2012.10.018
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
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Ribavirin (1-�-d-ribofuranosyl-1,2,4-triazole-3-carboxamide,
lso known as Virazole) is a synthetic guanosine analog that
xhibits broad-spectrum antiviral activity in vitro (Sidwell et al.,
972). It has been used experimentally against a wide range of
oth DNA and RNA viruses, including GB virus B, Hantaan virus,
endra virus, respiratory syncytial virus, Lassa fever virus, Norwalk
irus, and West Nile virus (Chang and George, 2007; Cooper et al.,
003; Day et al., 2005; McCormick et al., 1986; Lanford et al.,
001; Rockx et al., 2010; Severson et al., 2003). Most notably,
ibavirin is used in combination with interferon-� for treatment of
hronic hepatitis C virus (HCV) infections (Cummings et al., 2001;
avis et al., 1998). However, there is still no report regarding an
ntiviral effect of ribavirin during the replication cycle of porcine
idoviruses. In the present study, therefore, we tried to investigate
he antiviral activity of ribavirin and its mechanism of action
n target cells upon porcine nidovirus infection. Independent
reatment of target cells with ribavirin significantly impaired
RRSV and PEDV infection. Further experiments revealed that
uppression of ribavirin affects post-entry steps of the replication
ycle of PRRSV and PEDV, including viral genomic and sg RNA
ynthesis, viral protein expression, and virus production. The addi-
ion of guanosine to the ribavirin treatment resulted in moderate
eversal of the antiviral effects, suggesting that ribavirin activity
s involved in the depression of cellular guanosine triphosphate
GTP) levels. Sequencing analysis of the PRRSV and PEDV genomes
n the ribavirin-treated and non-treated groups revealed that the

utation rates were similar and indicated that ribavirin did not
nduce catastrophic mutations during the replication of porcine
idoviruses. Altogether, our results suggest that ribavirin may  be
n excellent therapeutic option for nidovirus infection in a human
r veterinary subject.

. Materials and methods

.1. Cells, viruses, reagents, and antibodies

PAM-pCD163 cells (Lee et al., 2010) were cultured in RPMI 1640
edium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal

ovine serum (FBS, Invitrogen), antibiotic–antimycotic solutions
100×; Invitrogen), 10 mM HEPES (Invitrogen), 1 mM sodium pyru-
ate (Invitrogen), and nonessential amino acids (100×; Invitrogen)
n the presence of 50 �g/ml Zeocin (Invitrogen). Vero cells were
ultured in alpha minimum essential medium (�-MEM,  Invitro-
en) with 10% FBS and antibiotic–antimycotic solutions. The cells
ere maintained at 37 ◦C in a humidified 5% CO2 incubator. PRRSV

train VR-2332 was propagated in PAM-pCD163 cells as described
reviously (Lee and Lee, 2010). PEDV strain SM98-1 was  kindly pro-
ided by the Korean Animal, Plant and Fisheries Quarantine and
nspection Agency and propagated in Vero cells as described previ-
usly (Hofmann and Wyler, 1988). Ribavirin and mycophenolic acid
MPA) were purchased from Sigma (St. Louis, MO)  and dissolved in
istilled water (DW) or dimethyl sulfoxide (DMSO), respectively. A
onoclonal antibody (MAb; SDOW17) against the PRRSV N protein
as purchased from Rural Technologies (Brookings, SD). The PEDV

pike (S) glycoprotein-specific and N protein-specific monoclonal
ntibodies (MAbs) were kind gifts from Sang-Geon Yeo (Kyung-
ook National University, Daegu, South Korea). The anti-�-actin
ntibody and horseradish peroxidase (HRP)-conjugated secondary
ntibody were purchased from Santa Cruz Biotechnology (Santa
ruz, CA).

.2. Cell viability assay
The cytotoxic effects of reagents on PAM-pCD163 and
ero cells were analyzed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide (MTT) assay (Sigma) detecting cell
ch 171 (2013) 44– 53 45

viability. Briefly, PAM-pCD163 and Vero cells were grown at
1 × 104 cells/well in a 96-well tissue culture plate with ribavirin or
MPA  treatment for 24 h. After one day of incubation, 50 �l 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, after which 150 �l of DMSO was added to dissolve
the color formazan crystal produced from the 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.

2.3. Immunofluorescence assay (IFA)

PAM-pCD163 and Vero cells grown on microscope coverslips
placed in 6-well tissue culture plates were pretreated with ribavirin
or MPA  for 1 h and mock infected or infected with PRRSV and PEDV
at a multiplicity of infection (MOI) of 01, respectively. The virus-
infected cells were further grown in the presence of ribavirin until
48 hpi, fixed with 4% paraformaldehyde for 10 min at room temper-
ature (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 incubated with N-specific
MAb 7 for 2 h. After being washed 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 microscope glass
slides in mounting buffer (60% glycerol and 0.1% sodium azide in
PBS) and cell staining was  visualized using a fluorescent Leica DM
IL LED microscope (Leica, Wetzlar, Germany).

2.4. Western blot analysis

PAM-pCD163 and Vero cells were grown in 6-well tissue cul-
ture plates for 1 day and were mock infected or infected with
PRRSV or PEDV at an MOI  of 0.1. At the indicated times, cells
were harvested in 50 �l of lysis buffer (0.5% TritonX-100, 60 mM �-
glycerophosphate, 15 mM �-nitro phenyl phosphate, 25 mM MOPS,
15 mM,  MgCl2, 80 mM NaCl, 15 mM  EGTA [pH 7.4], 1 mM  sodium
orthovanadate, 1 �g/ml E64, 2 �g/ml aprotinin, 1 �g/ml leupeptin,
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 cen-
trifugation at 15,800 × g (Eppendorf centrifuge 5415R, Hamburg,
Germany) for 30 min  at 4 ◦C. The protein concentrations of the cell
lysates were determined by a BCA protein assay (Pierce, Rock-
ford, IL). The cell lysates were mixed with 4× NuPAGE sample
buffer (Invitrogen) and boiled at 70 ◦C for 10 min. The proteins
were separated on NuPAGE 4–12% gradient Bis–Tris gel (Invit-
rogen) under reducing conditions, and electrotransferred onto
Immunobilon-P (Millipore, Billerica, MA). The membranes were
subsequently blocked with 3% powdered skim milk (BD Bio-
sciences, Belford, MA)  in TBS (10 mM Tris–HCl [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 the primary antibody against PRRSV N,
PEDV S or �-actin. The blots were then incubated with the sec-
ondary horseradish peroxidase (HRP)-labeled antibody (Santa Cruz
Biotechnology) at a dilution of 1:5000 for 2 h at 4 ◦C. Proteins
were visualized by enhanced chemiluminescence (ECL) reagents
(Amersham Biosciences, Piscataway, NJ) according to the manu-
facturer’s instructions. To quantify viral protein production, band
densities of PRRSV N and PEDV S proteins were quantitatively

analyzed using a computer densitometer with the Wright Cell
Imaging Facility (WCIF) version of the ImageJ software package
(http://www.uhnresearch.ca/facilities/wcif/imagej/) based on the
density value relative to �-actin gene.

http://www.uhnresearch.ca/facilities/wcif/imagej/
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Table 1
List of primers used in this study.

Virus Primer name Nucleotide sequences (5′–3′) Purpose Location (nt)

PRRSV

Genomic RNA-Fwd TGTCCGTTCGTGAAACCC Real-time RT-PCR 1400–1417
Genomic RNA-Rev CGCAGGGAGTCTGAGGATTTGG Real-time RT-PCR 1623–1644
sg  mRNA-Fwd GGAGCTGTGACCATTGGCA Real-time RT-PCR 46–64
sg  mRNA-Rev TCATGCTGAGGGTGATGC Real-time RT-PCR & PCR 15,073–15,090
ORF5-Fwd GTGGGCAACTGTTTTAGCCT RT-PCR 13,559–14,736
Porcine �-actin-Fwd GACCACCTTCAACTCGATCA Real-time RT-PCR 920–939
Porcine �-actin-Rev GTGTTGGCGTAGAGGTCCTT Real-time RT-PCR 963–982

PEDV

Genomic RNA-Fwd AGTACGGGGCTCTAGTGCAG Real-time RT-PCR 12,611–12,630
Genomic RNA-Rev GCTTATCCAAATTCTTCAGGCG Real-time RT-PCR 12,741–12,762
sg  mRNA-Fwd AGACCTTGTCTACTCAATTCAACT Real-time RT-PCR 44–67
sg  mRNA-Rev TGCTGGTCCTTATTCCCCTT Real-time RT-PCR 26,461–26,480
N  gene-Fwd ATGGCTTCTGTCAGC RT-PCR 26,335–26,349
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analyzed mutations in the region.
N  gene-Rev TTAATTTCCTGTGTC
Monkey GAPDH-Fwd TCAACAGCGACACC
Monkey GAPDH-Rev CTTCCTCTTGTGCTC

.5. Time course of ribavirin treatment

PAM-pCD163 and Vero cells were infected with PRRSV or PEDV,
espectively, at an MOI  of 0.1 as described above. At −1, 0, 1, 2, 4, 6,
, 10, 12, or 24 hpi, ribavirin was added to give the indicated final
oncentration for the remainder of the time course experiment. The
irus-infected and ribavirin-treated cells were further maintained
nd the infection was terminated at 48 hpi by fixing the monolayers
ith 4% paraformaldehyde for 10 min  at RT. The fixed cells were

ubjected to IFA to assess the presence of PRRSV or PEDV infection
s described above.

.6. Virus internalization assay

An internalization assay was performed as described previously
Cai et al., 2007). Briefly, PAM-pCD163 and Vero cells grown in
-well culture plates were infected with PRRSV and PEDV, respec-
ively, at an MOI  of 0.1 at 4 ◦C for 1 h, respectively. Unbound viruses
ere then washed with PBS and the cells were either incubated at
◦C or 37 ◦C in the presence ribavirin for 1 h, followed by treat-
ent with protease K (0.5 mg/ml) at 4 ◦C for 45 min  to remove

he bound but uninternalized virus particles. The PRRSV-infected
ells were then serially diluted in RPMI and added onto fresh PAM-
CD163 cell monolayers in 96-well tissue culture plates. At 48 h
ost-incubation, internalized viruses were titrated through IFA as
escribed above and the 50% tissue culture infectious dose (TCID50)
as calculated. For PEDV, the serially diluted infected cells were

dded onto uninfected Vero cells and after 48 h, internalized viruses
ere titrated using a plaque assay as described previously (Nam

nd Lee, 2010), and the plaques were counted after 1% crystal violet
taining.

.7. Quantitative real-time RT-PCR

PAM-pCD163 and Vero cells were incubated with ribavirin for
 h prior to infection and then inoculated with PRRSV or PEDV at
n MOI  of 1 for 1 h at 37 ◦C. The virus inoculum was  subsequently
emoved and the infected cells were maintained in fresh medium
ontaining ribavirin for 48 h. Total RNA was extracted from lysates
f the infected cells at 48 hpi using TRIzol reagent (Invitrogen) and
reated with DNase I (TaKaRa) according to the manufacturer’s pro-
ocols. The concentrations of the extracted RNA were measured
sing a NanoVue spectrophotometer (GE Healthcare, Piscataway,
J). Quantitative real-time RT-PCR was conducted using a Thermal

ycler Dice Real Time System (TaKaRa) with gene-specific primer
ets (Table 1) as described previously (Sagong and Lee, 2011). The
NA levels of viral genes were normalized to that of mRNA for the
-actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
RT-PCR 27,646–27,660
Real-time RT-PCR 959–967

G Real-time RT-PCR 1131–1151

gene and relative quantities (RQ) of mRNA accumulation were eval-
uated using the 2−��Ct method. To detect alteration of genomic
RNA and sg mRNA levels in the presence of ribavirin during porcine
nidovirus infection, the results obtained using ribavirin-treated
samples were compared with vehicle-treated results.

2.8. Virus titration

PAM-pCD163 and Vero cells were PRRSV or PEDV infected with
treatment of ribavirin as described above. The culture supernatant
was  collected at different time points (6, 12, 24, 36, and 48 hpi) and
stored at −80 ◦C. The titer of PRRSV was measured by limiting dilu-
tion on PAM-pCD163 cells through IFA as described above and then
quantified as the TCID50 per ml.  The PEDV titer was determined by
a plaque assay using Vero cells and quantified as plaque-forming
units (PFU) per ml.

2.9. Supplementation of guanosine in the presence of ribavirin

PAM-pCD163 and Vero cells were preincubated with 100 �M
guanosine for 6 h before ribavirin was  added to the medium at vari-
ous final concentrations and then inoculated with PRRSV or PEDV as
described above. The virus inoculum was  removed and the infected
cells were maintained in fresh medium containing ribavirin and
guanosine. At 48 h dpi, the virus-infected cells were fixed and sub-
jected to IFA to evaluate the presence of PRRSV or PEDV infection
as described above.

2.10. Sequencing analysis of the nidoviral genome in the presence
or absence of ribavirin

The N gene coding regions for PRRSV and PEDV were sequenced
to monitor mutation frequency. Cells were PRRSV or PEDV infected
and treated with ribavirin as described above. At 48 hpi, total RNA
was  extracted by TRIzol, and RT-PCR was  performed to amplify the
region encoding the ORF5 to ORF7 genes of PRRSV or the N gene of
PEDV using gene-specific primer sets (Table 1). The corresponding
PCR product was then cloned into the pGEM-T vector (Promega,
Madison, WI). For sequencing of the gene in the recombinant vec-
tor, we selected 20 independent bacterial colonies per group and
2.11. Statistical analysis

A Student’s t test was used for all statistical analyses and P-
values of less than 0.05 were considered statistically significant.
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Fig. 1. Effect of ribavirin on the replication of porcine nidoviruses. PAM-pCD163 and Vero cells were preincubated with ribavirin at indicated concentrations for 1 h prior
to  infection and were mock-infected or infected with PRRSV (A) or PEDV (B) at an MOI of 0.1. Virus-infected cells were further maintained for 48 h in the presence of
vehicle or ribavirin. Virus-specific CPEs were observed daily and were photographed at 48 hpi using an inverted microscope at a magnification of 100× (first panels). For
immunostaining, infected cells were fixed at 48 hpi and incubated with MAb  against the N protein of PRRSV or PEDV followed by Alexa green-conjugated goat anti-mouse
secondary antibody (second panels). The cells were then counterstained with DAPI (third panels) and examined using a fluorescent microscope at 200× magnification. Viral
productions in the presence of ribavirin were measured by quantifying the number of cells expressing N proteins through IFA. Five fields at 200× magnification were counted
per  each condition and the total number of cells per field as determined by DAPI staining was similar in all fields. Values are representative of the mean of three independent
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. Results

.1. Suppression of porcine nidovirus replication by ribavirin

To examine the effect of ribavirin on porcine nidovirus replica-
ion, PRRSV and PEDV were selected because they are important
iral pathogens that economically affect the swine industry.
ased on MTT  assay, none of the doses of ribavirin tested in
he present study caused detectable cell death of PAM-pCD163
nd Vero cells (data not shown). PAM-pCD163 and Vero cells
ere pretreated with ribavirin at concentrations of 10–50 �M or

0–200 �M,  respectively, or with DW as a vehicle control for 1 h
rior to infection. Ribavirin was present during the entire period
f infection. Viral production was initially measured by moni-
oring the cytopathic effect (CPE) after infection and confirmed
y immunofluorescence using N protein-specific MAb  at 48 hpi
Fig. 1). In vehicle-treated control cells, visible CPE appeared at
4 hpi and became predominant by 48 hpi, and N-specific staining
as clearly evident in many cell clusters, indicating infection and

he spread of the virus to neighboring cells. In contrast, ribavirin
ad an obvious inhibitory effect on virus propagation. As shown in
ig. 1A and B, ribavirin significantly decreased virus-induced CPE

nd viral gene expression of PRRSV and PEDV at concentrations of
10 �M and ∼50 �M,  respectively. N protein staining revealed that

he number of cells expressing viral antigen, as quantified by N pro-
ein staining results, was also reduced during ribavirin treatment,
resulting in a maximum of ∼80% inhibition in response to 50 �M
and 200 �M for PRRSV and PEDV, respectively (Fig. 1A and B).
Moreover, the effective doses for inhibiting 50% (ED50) of the
replication of PRRSV and PEDV were determined to be about
21 �M and 73 �M,  respectively. Taken together, these data demon-
strate that ribavirin efficiently suppresses the replication of porcine
nidoviruses.

To further determine at which point ribavirin acted during the
porcine nidovirus infection period, PAM-pCD163 and Vero cells
were treated independently with ribavirin at various time points
post-infection. At 48 hpi, the levels of PRRSV or PEDV replication
were measured indirectly as viral antigen production by quantify-
ing cells expressing the N protein through IFA (Fig. 2). Treatment
of cells with 50 �M ribavirin for up to 4 hpi resulted in more
than 80–90% decrease in PRRSV production when compared to
the untreated control. Addition of ribavirin between 6 and 12 hpi
led to 75–38% inhibition of PRRSV infectivity. Similarly, treatment
with 200 �M ribavirin at −1, 0, and 1 hpi was  found to lead to
83–61% suppression of PEDV production, while its treatment at
2–12 hpi resulted in 49–28% reduction in PEDV infectivity. In con-
trast, no significant impairment of porcine nidovirus propagation
was  observed when ribavirin was  added at 24 hpi. These results

demonstrate that the inhibitory effect of ribavirin against the repli-
cation of PRRSV and PEDV was exerted primarily during the initial
period of infection, suggesting that its action occurs mainly at early
time points after porcine nidovirus infection.
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Fig. 2. Suppression of nidovirus propagation by ribavirin at early times post-
infection. PAM-pCD163 and Vero cells were pretreated with ribavirin and were
infected with PRRSV (A) or PEDV (B), respectively. At the indicated times at
post-infection, ribavirin was  added to achieve a final concentration. At 48 hpi, virus-
infected cells were fixed and virus infectivity was determined by quantifying the
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umber of cells expressing N proteins through IFA. Data are representative of the
ean of three independent experiments and error bars represent standard devia-

ions. *P = 0.001–0.05; †P < 0.001.

.2. Inhibition of infectious viral progeny production by ribavirin

To further assess the antiviral activity of ribavirin against
orcine nidovirus replication, virus yield was determined during
reatment of ribavirin. Upon infection, viral supernatants were col-
ected at 48 hpi and viral titers were measured. As Fig. 3A shows,
he presence of ribavirin reduced the release of viral progeny in

 dose-dependent manner. The peak viral titer was determined
o be 106 TCID50/ml  and 106.34 PFU/ml in the vehicle-treated con-
rol for PRRSV and PEDV, respectively. However, the addition of
0 �M or 200 �M ribavirin decreased titers of PRRSV and PEDV
o 103.53 TCID50/ml  and 103.52 PFU/ml, respectively (almost 3 log
eduction compared with the control). The growth kinetics study
urther demonstrated that the overall process of porcine nidovirus
eplication was significantly delayed when cells were treated with
ibavirin (Fig. 3B). Consequently, these findings revealed that riba-
irin inhibits optimal progeny virus release within the natural host
ells.

.3. Effect of ribavirin on virus internalization process
To evaluate which steps of the replication cycle of porcine
idoviruses were targeted by ribavirin, we started focusing on the
arliest step, virus entry upon the ribavirin treatment. To address
ch 171 (2013) 44– 53

this issue, an internalization assay was  performed as described
previously (Cai et al., 2007). PAM-pCD163 and Vero cells were
inoculated with PRRSV and PEDV, respectively, at 4 ◦C for 1 h to
allow virus attachment and further maintained either at 4 ◦C or
37 ◦C to permit virus internalization in the presence of ribavi-
rin. The samples were then treated with protease K to remove
the remaining viruses from the cell surface. The serially diluted
infected cells were subsequently subjected to an infectious cen-
ter assay on uninfected PAM-pCD163 and Vero cell monolayers
and virus titers were measured 2 days later through IFA or by
plaque assay. As shown in Fig. 3C, the titers of PRRSV and PEDV
were virtually the same in cells treated with ribavirin or without
ribavirin at 37 ◦C and determined to be 101.7–102.2 TCID50/ml  and
2.2 × 102–3.2 × 102 PFU/ml, respectively, indicating no difference
between those cells. In contrast, only minimal viral productions of
about 101.3 TCID50/ml  (PRRSV) and 4.5 × 101 PFU/ml (PEDV) were
observed in cells maintained at 4 ◦C, which was  likely due to inef-
ficient removal of the bound virus. These results indicated that
ribavirin has no inhibitory effect on the virus entry process.

3.4. Inhibition of nidoviral protein translation by ribavirin

Like all positive-sense RNA viruses, following the uncoating
process, the nidovirus genome is released into the cytoplasm
and immediately serves as a template for viral translation by the
same cellular cap-dependent mechanism. Early nidovirus transla-
tion produces replicase polyproteins that are posttranslationally
cleaved into NSPs by viral proteases. Subsequently, the nonstruc-
tural replicase proteins mediate de novo synthesis of viral RNA,
including genomic RNA replication and sg mRNA transcription. The
nidovirus structural proteins are translated lately from respective
sg mRNA transcripts. Thus, to determine the inhibitory mechanism
of ribavirin on the postentry steps of the nidovirus life cycle, we first
investigated whether viral protein translation was  affected by riba-
virin. To accomplish this, PAM-pCD163 and Vero cells were treated
with ribavirin for 1 h prior to infection, and the drug was  allowed
to remain during infection and subsequent incubation. The expres-
sion levels of the PRRSV N and PEDV S proteins in the presence or
absence of ribavirin were evaluated at 48 hpi by western blot anal-
ysis. The production of both proteins productions was drastically
diminished during ribavirin treatment (Fig. 4). Densitometric anal-
ysis of the western blots revealed that the intracellular expression
of both N and S proteins was  reduced by ribavirin, with a maximum
of about 90% inhibition at the concentration of 50 �M and 200 �M,
respectively (Fig. 4). This marked reduction was  probably not the
result of a nonspecific decrease in the translation mechanism, since
Ponceau S staining results indirectly indicated that the expression
levels of the overall cellular proteins remained similar following
treatment (data not shown). Taken together, these results demon-
strated the inhibitory effects of ribavirin specifically against viral
translation during porcine nidovirus replication.

3.5. Suppression of porcine nidovirus transcription by ribavirin

For positive-strand RNA viruses, synthesis of the viral nonstruc-
tural proteins is required for viral RNA replication and transcription.
Thus, it is conceivable that impaired viral protein expression
in would be caused by inhibition of viral RNA synthesis. Since
nidovirus infection produces two RNA entities including genomic
versus subgenomic, we  therefore determined if ribavirin specifi-
cally affected genome replication and sg mRNA transcription. To
answer this question, the 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 ribavirin upon porcine nidovirus
infection. As shown in Fig. 5A, ribavirin exhibited a maximal 70%
and 80% reduction in the synthesis of PRRSV genomic RNA and sg
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Fig. 3. Reduction of viral progeny production by ribavirin. (A) PAM-pCD163 and Vero cells were pretreated with ribavirin for 1 h and were mock or virus infected (MOI of
0.1).  Ribavirin was  present in the medium throughout the infection. At 48 hpi, the virus supernatants were collected and the titers of PRRSV (left) and PEDV (right) were
determined. (B) Growth kinetics of PRRSV (left) and PEDV (right) upon treatment with ribavirin was assessed exactly as for panel A. At the indicated time points post-infection,
culture supernatants were harvested and virus titers were measured. (C) Virus internalization assay. PAM-pCD163 and Vero cells were infected at an MOI  of 0.1 at 4 ◦C for 1 h.
After  washing with cold PBS, infected cells were maintained in the presence or absence of ribavirin either at 4 ◦C or 37 ◦C for an additional hour. Bound but uninternalized virus
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articles were removed by treatment with protease K. The infected cells were then
iruses were titrated by IFA and plaque assay for PRRSV (left) and PEDV (right), res
epresent standard deviations. *P = 0.001–0.05; †P < 0.001.

RNA at a concentration of 50 �M,  respectively, when compared
ith untreated infected cells. Furthermore, a similar inhibitory

ffect of ribavirin on genome replication and sg mRNA transcrip-
ion of PEDV was observed. The amounts of PEDV genomic RNA and
g mRNA detected in cells treated with 200 �M ribavirin were only
bout 13% and 11% of the untreated level (Fig. 5B). The decreases
n viral RNA levels after the addition of ribavirin were not due to
onspecific inhibition of transcription, as mRNA levels of the inter-
al control (�-actin or GAPDH) remained unchanged in all samples
data not shown). Altogether, these results indicated that ribavi-
in suppresses the synthesis of the nidoviral genomic RNA and sg
RNA.

.6. Mechanisms of action of ribavirin against porcine nidoviruses
Several mechanisms of action for the antiviral activity of
ibavirin have been suggested, including a reduction in cellular
TP pools via inosine monophosphate dehydrogenase (IMPDH)
ly diluted and plated onto fresh target cells. At 2 days post-incubation, internalized
ely. Results are expressed as the mean values from triplicate wells and error bars

inhibition and increased mutation frequency on the virus genome
leading to error catastrophe (Graci and Cameron, 2006). To assess
these known mechanisms, we first examined whether replenish-
ment of guanosine affected the antiviral effect of ribavirin against
porcine nidovirus infection. The addition of 100 �M guanosine to
the ribavirin-treated and virus-infected cells was  found to mod-
erately reverse the antiviral activity of ribavirin. The incubation of
ribavirin alone reduced PRRSV production to 29% and 17% at 10 �M
and 50 �M,  respectively, whereas supplementation of guanosine
to ribavirin inhibited virus production to 40% and 26% at the same
concentrations (Fig. 6A, left panel). Likewise, while PEDV produc-
tion was  declined to 71%, 37%, and 12% in the presence of ribavirin
alone at 50 �M,  100 �M,  and 200 �M,  respectively, it decreased to
100%, 48%, and 31% at the same concentrations when guanosine

was  added to the ribavirin treatment (Fig. 6A, right panel). To ver-
ify these results, we also tested the effects of MPA, a potent inhibitor
of cellular IMPDH, on the replication of PRRSV and PEDV. As shown
in Fig. 6B, MPA  efficiently reduced porcine nidovirus propagation



50 Y. Kim, C. Lee / Virus Research 171 (2013) 44– 53

Fig. 4. Inhibition of viral protein translation by ribavirin. Ribavirin-treated PAM-pCD163 and Vero cells were mock-infected or infected with PRRSV (A) or PEDV (B) for 1 h
and  were further cultivated in the presence or absence of ribavirin. At 48 hpi, cellular lysates were collected, resolved by SDS-PAGE, transferred to a nitrocellulose membrane,
and  immunoblotted by using the antibody that recognizes the PRRSV N protein or the PEDV S protein. The blot was also reacted with mouse MAb  against �-actin to verify
equal  protein loading. Each viral protein expression was  quantitatively analyzed by densitometry in terms of the relative density value to the �-actin gene and ribavirin-
treated sample results were compared to vehicle-control results. Values are representative of the mean from three independent experiments and error bars denote standard
deviations. *P = 0.001–0.05; †P < 0.001.

Fig. 5. Inhibition of viral RNA transcription by ribavirin. PAM-pCD163 and Vero cells pretreated with ribavirin were mock-infected or infected with PRRSV (A) or PEDV (B)
for  1 h and were incubated in the presence of ribavirin. Total cellular RNA was extracted at 48 hpi, and strand-specific viral genomic RNAs (black bars) and sg mRNAs (white
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ars)  of PRRSV and PEDV were amplified by quantitative real-time RT-PCR. Viral p
r  monkey GAPDH and relative quantities (RQ) of mRNA accumulation were evalua
epresentative of the mean from three independent experiments and error bars den

t concentrations greater than 0.5 �M and 0.1 �M in a dose-

ependent manner for PRRSV and PEDV, respectively. Sequence
nalysis of the porcine nidovirus genome in the presence or absence
f ribavirin was conducted to investigate whether it triggers cata-
trophic mutations. We  analyzed 20 recombinant sequences of the

able 2
ummary of mutations noted in sequence analysis of wild-type and ribavirin-treated PRR

Virus Treatment Groups (%)a

PRRSV
No ribavirin 17/20 (85) 

Ribavirin 17/20 (85) 

PEDV
No  ribavirin 17/20 (85) 

Ribavirin 17/20 (85) 

a The PRRSV ORF5-ORF7 coding region (1532 bp) and the PEDV N (1326 bp) gene were R
or  sequencing of the gene in the recombinant vector, 20 clones per group were selected
b A total of 30,640 nt and 26,520 nt for PRRSV and PEDV were sequenced and a mutatio
-sense genomic RNA and sg mRNA were normalized to mRNA for porcine �-actin
ibavirin-treated sample results were compared with untreated results. Values are
andard deviations. *P = 0.001–0.05; †P < 0.001.

ORF5 to ORF7-coding region corresponding to nucleotide numbers

13,559–15,090 (PRRSV) and the N gene region corresponding to
nucleotide numbers 26,335–27,660 (PEDV) from each virus grown
in the presence of ribavirin. As controls, 20 colonies were also
obtained individually from untreated PRRSV- and PEDV-infected

SV and PEDV N genes.

Mutation category

Transitions Transversions Totalb

1.18 0.51 1.69
1.08 0.41 1.49

1.09 0.15 1.24
1.51 0.15 1.66

T-PCR amplified and the amplicon product was  then cloned into the pGEM-T vector.
 and analyzed the number (rate) of mutations.
n frequency was calculated per 1000 nt, respectively.



Y. Kim, C. Lee / Virus Research 171 (2013) 44– 53 51

Fig. 6. Effects of supplementation of guanosine in ribavirin treatment and MPA  on porcine nidovirus infection. (A) Effect of ribavirin alone or with guanosine (100 �M)
on  the replication of PRRSV (left) and PEDV (right). PAM-pCD163 and Vero cells were preincubated with various concentrations of ribavirin with (+) or without 100 (−)
�M  guanosine. Virus-infected cells were fixed at 48 hpi and subjected to immunofluorescence assay. Viral productions were measured by quantifying the number of cells
expressing N proteins through IFA as described above. Viral productions in cells treated by guanosine and ribavirin that were significantly different from those in cells
treated with ribavirin alone are indicated. (B) Effect of MPA  on the replication of PRRSV (left) and PEDV (right). PAM-pCD163 and Vero cells were preincubated with various
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oncentrations of MPA  ranging from 0 (mock) to 10 �M and infected with PRRSV o
iral  productions were measured by quantifying the number of cells expressing N p
hree  independent experiments and error bars represent standard deviations. *P = 0

ells. In the ribavirin-treated groups, point mutations occurred in
7 (85%) plasmids for both PRRSV and PEDV, which corresponded
o a mutation frequency of 1.49 and 1.66 per 1000 nt, respectively.
nterestingly, mutations were also found in 17 (85%) plasmids in
he untreated groups for PRRSV and PEDV, which were calculated
s a mutation frequency of 1.69 and 1.24 per 1000 nt, respectively
Table 2). These sequencing results indicated that there were no sig-
ificant differences in the mutation rates of ribavirin-treated and
on-treated groups upon porcine nidovirus infection.

. Discussion

The Nidovirales are an order of enveloped, positive-strand RNA
iruses with animal hosts, which synthesize a nested set of mul-
iple sg mRNAs. This order includes three families Arteriviridae,
oronaviridae, and Roniviridae, which have similar genome orga-
ization and replication strategy, but different virion morphology
nd genome length (Mayo, 2002; Lai et al., 2007; Snijder and
paan, 2007). Porcine nidoviruses are not only devastating viral
athogens to the pig population, but can also be applied as
n animal virus model to study human or veterinary-important
idoviruses. Among these, despite tremendous efforts to control
he diseases, PRRSV and PEDV have continuously plagued pig-
roducing countries, leading to significant economic impacts on
he global or Asian swine industry, respectively. This is partially
ue to a lack of efficient vaccines capable of conferring full protec-
ion against viral infections and antiviral agents for treating porcine
idoviruses. Although ribavirin has an antiviral effect on a variety

f DNA and RNA viruses (Sidwell et al., 1972), its efficacy and mode
f action on porcine nidovirus replication are currently unknown.
he present study demonstrated that ribavirin also exerts very
ffective antiviral activity against PRRSV and PEDV in vitro, as
V. At 48 hpi, virus-infected cells were subjected to immunofluorescence assay, and
s through IFA as described above. Data are representative of the mean values from
0.05; †P < 0.001.

indicated by ED50 values of approximately 21 �M (5.1 �g/ml) and
73 �M (17.8 �g/ml), respectively. Ribavirin can potentially act via
inhibition of various steps of the virus life cycle, including viral
translation, genome or transcript capping, RNA synthesis, and
progeny virus spread (Graci and Cameron, 2006). Treatment of
cells with ribavirin resulted in significant attenuation of posten-
try steps during the replication of porcine nidovirus, as determined
by lower progeny production, diminished viral protein expression,
and decreased synthesis of genomic RNA and sg mRNA. It was pre-
viously reported that the tier of murine norovirus 1 (MNV-1) in
the presence of ribavirin dropped about 10-fold after virus infec-
tion, but remained similar after 48 h of virus infection (Chang and
George, 2007). In this study, growth kinetics experiments also indi-
cated that the reduced rate of nidoviral titers in the presence of
ribavirin was found to be comparable between 24 and 48 hpi. Since
ribavirin should be converted to its monophosphate active form
(RMP) to exert antiviral activity, it appears that virus infection may
disrupt the normal metabolic processes, leading to interference
with the conversion of ribavirin (Parker, 2005). Taken together, our
data indicate that ribavirin potently elicits antiviral activity against
PRRSV and PEDV in target cells.

An important aspect of the antiviral activity of ribavirin may
be attributed to the ability to act via multiple mechanisms simul-
taneously. Although the mechanisms of action of ribavirin still
remain controversial, five primary mechanisms have been pro-
posed depending on the particular virus. These include reduction
in cellular GTP pools by inhibiting IMPDH, enhanced mutation
frequency via its incorporation into the viral genome leading to

catastrophic error, modulation of host immune responses, inhi-
bition of 5′ mRNA capping, and interference with viral RNA
polymerase. Therefore, the mechanisms of action of ribavirin may
differ among viruses, and its antiviral activity may  be operated
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redominantly via one or two mechanisms (Graci and Cameron,
006; Parker, 2005). To elucidate potential mechanisms respon-
ible for the antiviral effect of ribavirin on porcine nidoviruses,
e first tested whether the antinidoviral activity of ribavirin is

nvolved in inhibition of IMPDH and subsequent depression of cel-
ular GTP levels. In previous studies, the addition of guanosine
o the culture medium efficiently reversed the antiviral effects of
ibavirin against norovirus, yellow fever virus, and human parain-
uenza virus 3 (Chang and George, 2007; Leyssen et al., 2005).
he present study so investigated the effects replenishing GTP by
dding guanosine to ribavirin-treated cells upon virus infection.
onsistent with previous reports, the addition of guanosine to the
ibavirin treatment significantly reversed the antiviral activity of
ibavirin in porcine nidoviruses. Furthermore, a noncompetitive
MPDH inhibitor, MPA, was found to strongly inhibit the repli-
ation of PRRSV and PEDV at concentrations above 0.5 �M and
.1 �M,  respectively. In contrast to ribavirin, which has to be con-
erted to the active RMP  form to elicit the antiviral activity, MPA
oes not require metabolic activation to exert its function. Thus,
he efficient antinidoviral activity of MPA  suggests that ribavirin

ay  directly lead to the inhibition of intracellular IMPDH lev-
ls. Since RNA viruses replicate with high genetic variation, they
xist as viral quasispecies that are complex and dynamic mutant
istributions that share a dominant nucleotide sequence and a
utant spectrum (Ruiz-Jarabo et al., 2000). Therefore, RNA viruses

eside on the edge of mutation crisis, and the increased aver-
ge error frequency can cause defective genetic information and
educed viability termed error catastrophe (Crotty et al., 2000;
ay et al., 2005). Ribavirin has been shown to trigger catastrophic
utations including lethal mutations in a variety of viruses and

hese may  accumulate as a virus goes through multiple rounds of
eplication, resulting in extinction of the viral population (Crotty
t al., 2001; Contreras et al., 2002; Day et al., 2005; Lanford et al.,
001; Severson et al., 2003). However, sequence analysis of the
onserved N gene regions of PRRSV and PEDV in the ribavirin-
reated or untreated groups revealed that the two groups produced
imilar mutation frequencies (1.89/1.66 versus 2.42/1.24). These
esults were not surprising since RNA genomes mutate at aver-
ge rates of 10−3–10−5 per nucleotide copied during replication of
NA viruses by the virus-encoded RNA-dependent RNA polymerase
RdRp) lacking proofreading functions (Drake and Holland, 1999).
ur data indicated that the antiviral activity of ribavirin against
orcine nidoviruses may  not be associated with error-prone repli-
ation by increasing the probability of ribavirin incorporation into
he viral genome.

In conclusion, our findings described here demonstrated that
ibavirin effectively prevents the replication of porcine nidoviruses
n target cells at subcytotoxic doses. Additionally, the highest doses
f ribavirin used in this study did not increase the frequency of
utations in the nidoviral genome, and instead affected intracel-

ular GTP levels via IMPDH inhibition. Thus, we propose that one of
he modes of action of ribavirin to elicit the antiviral effects against
orcine nidoviruses occurs via GTP depletion, which may  not work

n concert with catastrophic mutations. Although further studies
ased on in vivo assessment are needed to evaluate the efficacy
nd safety of ribavirin, the results presented here indicate that it is

 good candidate of choice for antiviral approach against porcine
idoviral diseases.
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