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a b s t r a c t

Infectious pancreatic necrosis virus (IPNV) and viral hemorrhagic septicemia virus (VHSV) remain two
of the most important pathogens of farmed trout worldwide. Mycophenolic acid (MPA) is an inhibitor of
cellular inosine monophosphate dehydrogenase (IMPDH), an enzyme that catalyzes an essential step in
the biosynthesis of GTP. In this report, the antiviral activity of MPA against IPNV and VHSV in cell culture
was assessed. Cell viability, virus yield, protein and RNA synthesis determinations were used to evaluate
the inhibitory effect of MPA. MPA caused a dose-dependent inhibition of IPNV and VHSV replication. It was
found that MPA had a particularly potent effect against IPNV, inhibiting the production of infectious virus
more than 105-fold. MPA was also highly effective in preventing viral protein synthesis. Quantitative real-
time RT-PCR was used to measure viral RNA in cells infected by IPNV or VHSV to evaluate the inhibitory
capacity of MPA as well as to compare MPA to the established antiviral drug ribavirin. MPA showed a good
efficacy in decreasing accumulation of viral RNA at low concentrations. Finally, time of addition and wash

out experiments suggested that MPA may have a dual mechanism of action, targeting both a cell and a
viral function. This study provides evidence that MPA can function as a broad-spectrum antiviral drug for

trout
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use in therapy of rainbow

. Introduction

Infectious pancreatic necrosis virus (IPNV) and viral hem-
rrhagic septicemia virus (VHSV) represent important sources
f disease in farmed salmonid species such us rainbow trout
Oncorhynchus mykiss). IPNV is a member of the family Birnaviri-
ae, a group of non-enveloped double-stranded RNA viruses with
bipartite segmented genome which consists of segments A and B.
HSV is a rhabdovirus, an enveloped negative-stranded RNA virus.

At present, there are no specific antiviral drugs approved for the
reatment of those two infectious diseases of trout. A few num-
er of compounds have been tested in vitro as well as in vivo
Hudson et al., 1988; Jashés et al., 2000; Kamei and Aoki, 2007;
aPatra et al., 1998; Mas et al., 2006; Micol et al., 2005; Moya et al.,
000) showing various degrees of efficacy. Here we describe the in
itro activity of mycophenolic acid (MPA) against IPNV and VHSV

nfection of fish cells. MPA is a non-nucleoside inhibitor of the cel-
ular inosine monophosphate dehydrogenase (IMPDH), an enzyme
nvolved in the synthesis of GMP (Sintchak et al., 1996). Treatment
f cells with MPA leads to a decreasing guanine nucleotide pool

∗ Corresponding author. Tel.: +34 96 665 84 35; fax: +34 96 665 87 58.
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equired for adequate RNA and DNA synthesis. This has been a
idely accepted mechanism of action to explain the capacity of
PA to inhibit the replication of several viruses in vitro (Diamond

t al., 2002; Robertson et al., 2004; Smee et al., 2002; Sun et al.,
007; Takhampunya et al., 2006). With respect to trout viruses,
ther compounds with inhibitory activity against IMPDH such as
ibavirin (RIB) and EICAR have been proven to protect cultured cells
rom VHSV and IPNV infection (Marroquí et al., 2007; Migus and
obos, 1980) as well as rainbow trout from IPNV infection (Moya et
l., 2000). Ribavirin, a broad-spectrum antiviral agent with activity
gainst a wide range of DNA and RNA viruses, is a nucleoside analog
hich after intracellular phosphorylation becomes a competitive

nhibitor of IMPDH (Graci and Cameron, 2006; Parker, 2005). In
ddition to the inhibition of IMPDH, three other mechanisms to
xplain ribavirin antiviral activity have been proposed: direct inhi-
ition of the viral RNA polymerase (Toltzis et al., 1988), inhibition of
he “capping” of the 5′ end of viral mRNAs (Goswami et al., 1979),
nd induction of error catastrophe as a result of accumulation of
utations (Graci and Cameron, 2002).
We have previously developed a real-time RT-PCR assay to eval-
ate the antiviral potency of candidate compounds on fish cell
ultures. The qRT-PCR assay was proven useful in determining the
nti-VHSV activity of ribavirin in vitro (Marroquí et al., 2007). In an
ffort to find a compound with enhanced antiviral activity against
rout viruses, MPA was selected as it has been reported to have

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:luis.perez@umh.es
dx.doi.org/10.1016/j.antiviral.2008.07.007
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more potent antiviral activity than ribavirin on the replication
f other RNA viruses (Leyssen et al., 2005). We have examined in
etail the antiviral effect of MPA on the production of infectious
irus, synthesis of viral proteins and on the accumulation of viral
NA in the infected cells. Our data provide evidence that MPA has
potent inhibitory effect on the replication of both IPNV and VHSV

n vitro by preventing the synthesis of viral RNA.

. Materials and methods

.1. Cells, viruses and reagents

The fish cell line epithelioma papullosum cyprini (EPC) was pur-
hased from the European collection of cell cultures (ECACC no.
3120820). CHSE-214 (Chinook salmon embryo) and RTG-2 (rain-
ow trout gonad) cells purchased from the American Type Culture
ollection (ATCC CCL 55 and CRL 1681) were used.

The EPC and CHSE-214 were maintained at 28 ◦C and 20 ◦C,
espectively in a 5% CO2 atmosphere in RPMI-1640 Dutch-modified
edium containing 10% fetal bovine serum, 1 mM pyruvate,
mM glutamine and antibiotics (50 �g/ml gentamicin and 2 �g/ml
mphotericin B). The RTG-2 cell line was maintained at 20 ◦C
n MEM (with Earle’s salts) cell culture medium also supple-

ented with 10% fetal calf serum, 2 mM glutamine and antibiotics
50 �g/ml neomycin sulfonate).

VHSV (07-71 strain) isolated in France (LeBerre et al., 1977)
as grown in EPC cells at 14 ◦C. IPNV (Sp strain) was cultured in
HSE cells at 14 ◦C. In both cases, when cytopathic effect (CPE) was
omplete, supernatants from infected cell cultures were clarified
y centrifugation and stored in aliquots at −70 ◦C. Virus yield in
ell culture supernatants (TCID 50/ml) was determined in 96-well
lates by the end-point dilution method.

Ribavirin and MPA were purchased from Sigma and dissolved in
istilled water or methanol, respectively.

.2. Cytotoxicity determination and CPE reduction assay

Toxicity of MPA on EPC, CHSE and RTG-2 cells was evaluated
y means of the colorimetric MTS method (CellTiter 96® AQueous
ell Proliferation Assay, Promega Corporation). Briefly, cells were
eeded in 96-well plates and allowed to reach confluence. Increas-
ng concentrations of MPA from 0.1 �g/ml to 100 �g/ml were added
nd the cells were incubated in the presence of the compound
or 72 h. The experiment was performed in triplicate wells follow-
ng the protocol provided by the manufacturer. Cell viability was
etermined by measuring absorbance at 492 nm.

The CPE reduction assay measures the protection of MPA-
reated cells against virus-induced lysis by calculating the
ercentage of viable EPC cells at day 5 post-infection with VHSV.
00% inhibition of CPE represents the average absorbance value of
on-infected cells. The IC50 value was calculated based on fitting of
he dose–response curve using the program Origin.

.3. Virus yield and immunostained focus assays

CHSE cells (for IPNV infection) and EPC cells (for VHSV infection)
ere grown on 24-well plates. MPA was added to the cells either
0 h before infection (−20 h) or at the same time as the virus (0 h).
upernatant samples were collected from the infected cells at 24 h,

8 h and 72 h post-infection with IPNV or VHSV (m.o.i. 0.05). The
irus yield assay was performed by the end-point dilution method
TCID50) with aliquots of cell culture media from MPA-treated
nfected cells. The aliquots were serially diluted in FCS 2% medium
rior to addition to 96-well plates containing confluent EPC cells

r
t
d
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for VHSV titration) or CHSE cells (for IPNV). Following a 7-day incu-
ation time at 14 ◦C the cells were stained with crystal violet and
he TCID50 was calculated. To determine virus infectivity, a previ-
usly developed immunostaining assay (focus forming unit, f.f.u.)
as used (Lorenzo et al., 1996; Perez et al., 2002). Confluent EPC

ells were incubated with 10 �g/ml MPA for 20 h and then washed
efore infection with VHSV (m.o.i. = 2 × 10−4 pfu/cell). To other cells
0 �g/ml MPA was added at time 0 and maintained during the infec-
ion. At 24 h p.i. the cells were fixed with 100% methanol and stained
ith a monoclonal antibody to VHSV N protein (2C9). The binding of

ntibodies was detected by peroxidase-conjugated rabbit antibod-
es to mouse IgG (Sigma), following incubation with 3,3′-diamino
enzidine (DAB) to yield a brownish reaction product. Cell mono-

ayers were washed, dried and clusters of brown-stained cells (foci)
ere counted under the microscope.

.4. Western blot analysis

CHSE cells were grown on 24-well plates and infected with VHSV
r IPNV at a m.o.i. of 0.05 f.f.u/cell. MPA (10 �g/ml) was added to
he cell monolayers at the infection time (t = 0 h p.i.) and cultured
t 14 ◦C. At 24 h, 48 h or 72 h p.i. the media were removed and the
ells were washed with PBS (–Ca+2, –Mg+2) and collected in 200 �l
BS (–Ca+2, –Mg+2). Cell pellets were obtained by centrifugation at
000 × g × 10 min and resuspended in electrophoresis buffer sam-
le. Proteins from the virus-infected cell extract were subjected to
odium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
12% gels). Prestained SDS-PAGE standards (BioRad Laboratories)
ere included for molecular mass estimation. Transfer to nitro-

ellulose membranes was performed in 2.5 mM Tris base, 9 mM
lycine, 20% methanol buffer, at 125 mA for 90 min. Following
locking with 2% nonfat dry milk the membranes were incubated
ith anti-VHSV or anti-IPNV polyclonal rabbit antibodies (1:1500
ilution) before incubation with a peroxidase-conjugated goat anti-
abbit antibody (Sigma). Finally, protein bands were revealed by
sing the ECL Chemiluminiscence Reagents kit (Amersham Bio-
ciences).

.5. Determination of time of addition and drug removal effect on
he production of viral RNA

For time of addition experiments, confluent CHSE cells were
rown on 24-well plates and infected with IPNV or VHSV at a
.o.i. of 0.05 TCID50/cell in RPMI-1640 cell culture medium sup-

lemented with 2% FCS. At 0 h, 4 h or 8 h post-infection the culture
edium was replaced by medium containing 10 �g/ml MPA. At 24 h

nd 48 h p.i. RNA was isolated and analyzed by real-time RT-PCR as
escribed below.

To measure the effect of drug removal on viral RNA levels, CHSE
ells on 24-well plates were treated with 10 �g/ml MPA for 20 h
rior to infection with IPNV (pre-treatment). At 8 h or 4 h before

nfection the drug was removed by washing the cells with fresh
edium. At time 0, IPNV was added to the cells and the infection
as allowed to proceed for 24 h. In post-infection treatment experi-
ents, CHSE cells were infected with IPNV (m.o.i. = 0.05) in medium

ontaining 10 �g/ml MPA. At 4 h or 8 h p.i. the cells were washed
nd replenished with fresh culture media. At 24 h p.i. cell samples
ere harvested for quantitative RT-PCR analysis.

.6. Quantitation of viral RNA (real-time RT-PCR assay)
The quantity of VHSV RNA was measured by real-time
everse transcription PCR (qRT-PCR) following an established
wo-step protocol consisting of reverse transcription with ran-
om hexamers followed by quantitative PCR with VHSV N
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Fig. 1. (A) Chemical structure of mycophenolic acid (MPA). (B) Toxic effect of MPA on EPC (�), CHSE (©) and RTG-2 (�) cells. Cells were treated with increasing MPA
concentrations for 72 h and then tested for viability by using a quantitative colorimetric (MTS) cell viability assay. Mean data and standard deviations (S.D.) from three wells
per drug concentrations are expressed. (C) Inhibition of VHSV-induced cytopathic effect on EPC cells by MPA. Concentration–effect curve showing the antiviral activity of MPA
against VHSV assessed by the MTS assay, on EPC cells at day 5 post-infection with VHSV. Results are presented as the percentage of CPE reduction referred to non-infected
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ells (100% inhibition of CPE). Data are expressed as mean ± S.D. from three wells. (
or 20 h before infection. MPA 0 h: MPA addition at the time of virus infection. Clu
on-treated EPC cells infected with VHSV. Mean values and standard deviations are

ene specific primers and FAM-labeled probes (Chico et al.,
006; Falco et al., 2007). For IPNV RNA, the following A
egment specific primers and probe were used (GenBank acces-
ion no. AJ622822): IPNV-A-for, 5′-TCTCCCGGGCAGTTCAAGT-3′;
PNV-A-rev, 5′-CGGTTTCACGATGGGTTGTT-3′; IPNV-A-probe, 5′-
CAGAACCAGGTGACGAGTATGAGGACTACAT-3′. For qRT-PCR exper-

ments, total RNA from cells in 24-well plates was extracted with the
NAgents® Total RNA Isolation kit (Promega). For quantity control
f cellular RNA, qRT-PCR for 18S rRNA was performed with the 18S
RNA Pre-developed TaqMan® Assay Reagents kit (Applied Biosys-
ems). Samples were analyzed on a 7300 Real-time PCR System
Applied Biosystems). For relative quantitation of viral RNA expres-
ion, the comparative method using the 2−��Ct formula was used.
he levels of target amplicons (VHSV N gene or IPNV A segment)
re compared to a calibrator (i.e. the sample with the lowest level
f virus RNA in the experiment) and fold-differences are calculated.

. Results

.1. Protection against VHSV-induced CPE in MPA-treated cells

MPA (Fig. 1A) was examined for possible cytotoxic effect in EPC,
HSE and RTG-2 cells, which are the cell lines most commonly

sed for IPNV and VHSV in vitro studies. This was done both by
icroscopic examination and by measuring the viability of cell
onolayers over a period of 3 days (Fig. 1B). MPA had little effect on

ultured cells at concentrations ≤ 100 �g/ml; 500 �g/ml was toxic
o RTG-2 and CHSE cells, and 1000 �g/ml MPA had a severe toxic

n
b
p
t

uced infectivity of VHSV in MPA-treated cells. MPA −20 h: incubation of EPC cells
of positive staining cells (foci) were counted in six wells per treatment. Control:
sented.

ffect in RTG-2 and CHSE cells. Remarkably, EPC cells tolerated up
o 1000 �g/ml MPA.

The antiviral activity of MPA was firstly evaluated by determin-
ng the viability of EPC cells treated with increasing concentrations
f MPA at 5 days post-infection with VHSV, as a measure of the
rotection of the cells against the VHSV-induced CPE conferred by
PA (Fig. 1C). At 0.5 �g/ml MPA, the viability of VHSV-infected cells
ere above 90% of mock-infected controls. Based on the CPE inhibi-

ion assay the IC50 of MPA against VHSV is 0.14 �g/ml (0.43 �M). For
urther experiments, a drug concentration of 10 �g/ml was chosen
ince it causes maximal inhibition without reducing cell viability.

We also examined the inhibitory activity of MPA on VHSV
rowth by an infectious focus formation assay which basically
etermines the spread of viral infection on a cell monolayer by
ntibody detection of the VHSV nucleoprotein (Mas et al., 2004).
retreatment of EPC cells with MPA reduced VHSV foci by (39 ± 9)%
hile MPA addition at time 0 achieved (48 ± 10)% inhibition of the
umber of infectious foci on the cell monolayer (Fig. 1D). We have
bserved that the antiviral effect of MPA is independent of the cell
ine used in the assay (not shown).

.2. IPNV and VHSV growth is inhibited by MPA
Given the protective effect of MPA on virus-induced CPE, we
ext examined the antiviral activity of MPA against IPNV and VHSV
y a virus yield reduction assay (Table 1). MPA was tested either by
re-incubation of the cells with the compound (−20 h) or by adding
he drug simultaneously with the virus (0 h). In both cases, it was
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Table 1
Effect of MPA on the production of infectious IPNV and VHSV progeny

VHSV (TCID50/ml) IPNV (TCID50/ml)

Hours p.i. 24 48 72 24 48 72

Untreated 3.2 × 104 2,1 × 105 2,1 × 106 1 × 105 2.4 × 106 4.7 × 108

MPA, 20 h 3.2 × 103 3.2 × 103 2.1 × 103 <10 <10 <10
MPA, 0 h <10 3.7 × 103 1.1 × 104 <10 <10 <10

Fig. 2. Inhibition of IPNV and VHSV protein synthesis by MPA. IPNV-infected CHSE
cells and VHSV-infected EPC cells were treated with 10 �g/ml MPA (added at 0 h
p
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.i.). Cell monolayers were harvested at the indicated times and analyzed by SDS-
AGE followed by Western blotting. Samples were probed with rabbit anti-IPNV
upper panel) and anti-VHSV (lower panel) polyclonal antibodies. Positions of the
iral proteins are indicated.

ound that 10 �g/ml MPA had an inhibitory effect on VHSV growth,
ausing the production of infectious virus at 1–3 days after infection
o drop 10 to 1000-fold. Remarkably, a complete inhibition of IPNV
eplication was achieved: either pre-treatment of the cells with
PA or time 0 addition of the compound resulted in undetectable

evels of infectious virus in cell culture supernatants.

.3. Effect of MPA on viral protein synthesis

The inhibition of IPNV and VHSV replication by MPA was fur-
her confirmed by analysis of viral proteins in the infected cells.

hus, we infected CHSE cells with IPNV and EPC cells with VHSV to
est if the accumulation of viral proteins was inhibited by addition
f MPA. Western blot analysis revealed the presence of viral pro-
eins in the infected cells, beginning at 48 h p.i. and very intense
t 72 h p.i. (Fig. 2). In contrast, exposure of the infected cells to

p
b
a
I
v

ig. 3. Antiviral effect of MPA against IPNV and VHSV RNA synthesis as assessed by real-ti
ith 10 �g/ml MPA. At 24 h, 48 h and 72 h p.i. total RNA was extracted to detect VHSV (left)

6 h before infection and maintained during infection. The relative amount of viral RNA w
t 1 h p.i. Error bars represent standard deviations from three PCR reactions.
arch 80 (2008) 332–338 335

PA resulted in almost complete absence of viral proteins. Sim-
lar results were obtained when the presence of viral proteins in
ell culture supernatants was analyzed (not shown), in direct cor-
elation with the reduction of virus titers found in MPA-treated
ultures.

.4. Inhibition of viral RNA synthesis by MPA

To investigate whether the absence of viral proteins in MPA-
reated cells was a consequence of a reduction of viral RNA
emplates, the influence of MPA on IPNV and VHSV RNA synthesis
as determined. For better comparison, both viruses were tested
n the same cell line (CHSE), to exclude the possibility of differ-
nt activity of MPA on EPC and CHSE cells. Quantitative real-time
T-PCR (qRT-PCR) was performed on total RNA extracted from
irus-infected CHSE cells at 24 h, 48 h and 72 h after infection
Fig. 3). qRT-PCR data demonstrated a substantial decrease in VHSV
NA expression in cells exposed to 10 �g/ml MPA (Fig. 3, left): there
as approximately a 10-fold reduction at 24 h p.i. and over 1000-

old decrease in viral RNA levels at 72 h p.i. The effect of MPA on
PNV RNA accumulation (Fig. 3, right) was even more severe: a 3-
og reduction at 24 h p.i. and over 5 logs reduction at 72 h p.i. Overall,
ata from the qRT-PCR analysis indicated that MPA was an effec-
ive inhibitor of IPNV and VHSV RNA synthesis. This was consistent
ith the previous results on VHSV and IPNV virus yield and protein

ynthesis.

.5. Comparative effect of MPA and ribavirin on IPNV and VHSV
NA synthesis

We had recently reported that ribavirin was effective in inhibit-
ng VHSV infection (Marroquí et al., 2007). To compare MPA to
ibavirin the antiviral effect of both compounds against IPNV and
HSV was assessed at 0.1 �g/ml, 1 �g/ml and 10 �g/ml concentra-

ions. Treatment of CHSE cells with MPA and ribavirin at time 0
f infection resulted in a dose-dependent inhibition of viral RNA

roduction as measured by qRT-PCR (Fig. 4). MPA was found to
e more potent than ribavirin at the lowest concentration tested:
t 0.1 �g/ml MPA achieved over 70% inhibition of the synthesis of
PNV and VHSV RNA, whereas 0.1 �g/ml ribavirin only reduced
iral RNA production by 30–40% (Fig. 4, insert). At 1 �g/ml and

me RT-PCR. CHSE cell monolayers were infected with VHSV or IPNV and incubated
or IPNV (right) RNA. (�) Non-treated controls; (�) MPA added at 0 h; (�) MPA added

as calculated by comparison to RNA expression in virus-infected cell monolayers
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Fig. 4. Comparison of the antiviral potency of MPA and ribavirin (RIB). CHSE cells
monolayers infected with IPNV (�, �) or VHSV (�, �), and incubated with 0.1 �g/ml,
1 �g/ml or 10 �g/ml MPA (�,�) or RIB (�, �) for 24 h. Total RNA was extracted and
subjected to qRT-PCR. The % inhibition was calculated by the comparison to mock
(
r
M

1
i
r

3

M
p
q
t
w
t
R
(
v
v
I

Fig. 6. Reversibility of the inhibitory effect of MPA on IPNV RNA synthesis. Total RNA
relative to IPNV A genomic segment was quantitated by real-time RT-PCR at 24 h
post-infection. MPA (10 �g/ml) was added and washed out at different times before
and after infection (indicated in the figure). Two independent experiments are pre-
sented. Left: addition and removal of MPA before IPNV infection (pre-treatment).
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medium) treatment. Mean values and standard deviations of three PCR reactions are
epresented. Inserted graph: detailed bar plot comparing the percent inhibition of
PA (black) and RIB (white) on viral RNA synthesis at 0.1 �g/ml drug concentration.

0 �g/ml of both compounds viral RNA synthesis in IPNV and VHSV-
nfected cells was reduced by > 90%, in agreement with previous
esults.

.6. Effect of time of application of MPA on virus RNA expression

To determine at which point during the virus replication cycle
PA exerts its antiviral effect, the drug was added at various time

oints pre- and post-infection and viral RNA was quantitated by
RT-PCR at 24 h and 48 h post-infection and compared with non-
reated samples (Fig. 5). Reduction of IPNV and VHSV RNA synthesis
as maximal when MPA was added at the time of infection (up

o a 4-log reduction of IPNV RNA and a 2-log reduction of VHSV

NA at 48 h p.i.). When the compound was added at later times
4 h p.i. or 8 h p.i.), there was still a 10–1000-fold reduction of
iral RNA expression in the infected cells. Consistently with pre-
ious results, MPA exhibited a higher antiviral activity against
PNV.

t
2
a
i
(

ig. 5. Time course of the effect of MPA treatment on IPNV and VHSV infection. MPA (10 �
irus-infected cells were harvested at 24 h and at 48 h p.i., and virus replication was mea

n MPA-treated cells from time 0 of infection (value = 1). Error bars represent standard de
ight: addition of MPA at the onset of infection (0 h) and removal at a later time of
nfection (post-treatment).

.7. Reversibility of the inhibition of IPNV RNA synthesis by MPA

Since MPA appeared to have a greater effect on IPNV than
n VHSV replication we chose IPNV to evaluate the reversibility
f the MPA-dependent inhibition of viral RNA synthesis, so par-
ial reversion situations could be more easily assessed (Fig. 6).
t was observed that pre-treatment with MPA, addition of MPA
t 0 h p.i. or continuous presence of MPA from −20 h to 24 h p.i.
reatly reduced IPNV RNA levels. In contrast, we found that remov-
ng the compound 8 h or 4 h before virus infection restored IPNV
NA synthesis to non-treated control levels. Thus, indicating that
he MPA block to IPNV RNA synthesis is reversible, even after a
0-h long incubation period. In contrast, when MPA was added

t 0 h p.i. and removed 4 �g/ml or 8 h later, it still retained the
nhibitory effect on IPNV RNA accumulation in the infected cells
Fig. 6).

g/ml) was added to CHSE cells at 0 h, 4 h or 8 h post-infection with IPNV or VHSV.
sured using the qRT-PCR assay. Arbitrary units are relative to viral RNA at 24 h p.i.

viations from three PCR reactions. nt: not-treated.
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. Discussion

The aim of this study was to evaluate the antiviral activity of
PA, a nonnucleoside inhibitor of the enzyme inosine monophos-

hate dehydrogenase (IMPDH), against two important rainbow
rout viral pathogens with worldwide distribution: IPNV (Birnaviri-
ae) and VHSV (Rhabdoviridae). The potential of MPA as an antiviral
gent has been shown for a number of RNA viruses, including han-
aviruses, flaviviruses and reoviruses (Chung et al., 2007; Diamond
t al., 2002; Robertson et al., 2004; Stuyver et al., 2002; Sun et al.,
007; Takhampunya et al., 2006). By using a cell viability assay we
emonstrated that MPA prevented the VHSV-induced cytopathic
ffect on infected cells in a dose-dependent fashion. MPA-induced
oxicity was not observed within the effective concentration range
f MPA, in three fish cell lines tested. Release of infectious virus to
he cell culture medium was greatly reduced by MPA, exhibiting a

ore potent effect on IPNV than on VHSV replication. Immunoblot
nalysis revealed that viral protein synthesis was strongly inhib-
ted by MPA. Furthermore, we assessed the effect of MPA on the
ynthesis of IPNV and VHSV RNA by relative quantitation of viral
NA in real-time RT-PCR assays: qRT-PCR analysis showed that
PA prevents the accumulation of viral RNA in the infected cells.

ime of addition experiments indicated that the antiviral effect of
PA occurs at a post-entry step of virus replication, since MPA
as effective when added at 8 h after infection. Likewise, in the

eovirus/L929 cell system, the production of infectious progeny
as reduced by addition of MPA 12 h after infection (Hermann and
oombs, 2004).

Since ribavirin, another IMPDH inhibitor, has been shown to be
ffective against VHSV and IPNV (Marroquí et al., 2007; Migus and
obos, 1980), it was interesting to compare the effects of the two
rugs. Both IPNV and VHSV replication is halted in the presence
f either ribavirin or MPA, but real-time RT-PCR analysis showed a
ore potent effect of MPA on viral RNA synthesis at the lower con-

entration tested (0.1 �g/ml). MPA has been previously reported to
e a more potent inhibitor than ribavirin on the replication of some
NA viruses (Leyssen et al., 2005, 2006; Sun et al., 2007). Another
ompound, VX-497, also an uncompetitive inhibitor of IMPDH, was
lso found to be a more potent antiviral compound than ribavirin
gainst all RNA viruses tested, with the exception of influenza A
irus (Markland et al., 2000). The reason for the greater antivi-
al potency of MPA could be due to different modes of MPA and
ibavirin to inhibit the IMPDH enzyme. On this respect, extracel-
ular guanosine treatment has been shown to reverse the antiviral
ctivity of ribavirin and MPA against viruses (Leyssen et al., 2005;
arkland et al., 2000; Marroquí et al., 2007; Smee et al., 2002; Sun

t al., 2007). However, we have not achieved reversal of MPA inhibi-
ion by exogenous GTP (not shown), suggesting that an inhibitory

ode other than inhibition of IMPDH may be playing a role. The
istinct efficacy of MPA and ribavirin against IPNV and VHSV could
lso be explained by a direct effect of MPA on viral RNA polymerase.
n fact, the results of the wash-out experiments suggest a different

echanism of action of MPA before and after infection: inhibition
y MPA pre-treatment is reversible after compound removal; in
ontrast, removal of MPA after virus infection did not reverse the
nhibitory effect of MPA. It remains unclear what other mode of
ction in addition to IMPDH inhibition contributes to the antiviral
ctivity of MPA. A direct action on the viral RNA polymerase is one
ossibility that has been suggested for the mechanism of action of
ibavirin against a number of viruses (Rankin, 1989; Toltzis et al.,

988). Treatment of the cells with MPA prior to infection is also
ffective in preventing virus replication, although the inhibition
s lost when the compound is washed out 4 h before adding the
irus. Taken together, our results suggest that pre-infection treat-
ent of MPA induces a reversible antiviral state on the cells, while
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ost-infection treatment with MPA appears to have an irreversible
ffect on virus replication. This may be consistent with a dual tar-
et for MPA: a cellular target (IMPDH) during pretreatment, and a
iral target (RNA polymerase) when MPA is present from the onset
f infection.

In summary, it can be concluded that MPA has anti-VHSV activ-
ty as well as a very potent anti-IPNV activity: MPA can completely
brogate the production of infectious virus in vitro, likely as a con-
equence of the inhibition of IPNV RNA synthesis, which dropped
05-fold at 72 h p.i. in the presence of 10 �g/ml (≈3 �M) MPA. This
s in accordance with prior studies showing the inhibitory effect of

PA on the replication of double-stranded RNA viruses (Robertson
t al., 2004). MPA is also a more potent inhibitor of the VHSV rhab-
ovirus replication than ribavirin. Activity against two unrelated
iruses supports the notion that MPA exhibits broad range antiviral
roperties. In addition, since MPA does not require cell metabolism
or phosphorylation or other chemical transformations (as ribavirin
oes) it should be less sensitive than ribavirin to cell/species vari-
tion as well.

It is intriguing to consider the therapeutic use of MPA for fish
iral diseases. Since MPA has shown antiviral activity when added
o cultures before infection, it may be effective as a prophylactic
reatment in an in vivo situation. In a preliminary trial in vivo using
low MPA dosage (50 �g per 2.5 g fish), we did not find any sig-
ificant protective effect on VHSV immersion challenged rainbow
rout. However, the results were not conclusive since a positive
ontrol of antiviral activity was lacking in that experiment. Fur-
her studies with higher concentrations of MPA will be required to
ssess the activity of MPA in vivo. Nevertheless, the data presented
n this study strongly indicate that MPA can be useful as a broad-
pectrum agent to eradicate or attenuate viral disease in rainbow
rout.

cknowledgements

This work was supported by Spanish M.E.C. grants AGL2004-
7404-C02-01/ACU and CSD2007-00002/Consolider Ingenio 2010.
he authors thank B. Bonmati and A. Falco for expert technical
upport during the study.

eferences

hico, V., Gomez, N., Estepa, A., Perez, L., 2006. Rapid detection and quantitation of
viral hemorrhagic septicemia virus in experimentally challenged rainbow trout
by real-time RT-PCR. J. Virol. Methods 132, 154–159.

hung, D.-H., Sun, Y., Parker, W.B., Arterburn, J.B., Bartolucci, A., Jonsson, C.B., 2007.
Ribavirin reveals a lethal threshold of allowable mutation frequency for hantaan
virus. J. Virol. 81, 11722–11729.

iamond, M.S., Zachariah, M., Harris, E., 2002. Mycophenolic acid inhibits
dengue virus infection by preventing replication of viral RNA. Virology 304,
211–221.

alco, A., Mas, V., Tafalla, C., Perez, L., Coll, J.M., Estepa, A., 2007. Dual antiviral activity
of human alpha-defensin-1 against viral haemorrhagic septicaemia rhabdovirus
(VHSV): Inactivation of virus particles and induction of a type I interferon-related
response. Antivir. Res. 76, 111–123.

oswami, B.B., Borek, E., Sharma, O.K., 1979. The broad-spectrum antiviral agent
ribavirin inhibits capping of mRNA. Biochem. Biophys. Res. Commun. 89,
830–836.

raci, J.D., Cameron, C.E., 2002. Quasispecies, error catastrophe, and the antiviral
activity of ribavirin. Virology 298, 175–180.

raci, J.D., Cameron, C.E., 2006. Mechanisms of action of ribavirin against distinct
viruses. Rev. Med. Virol. 16, 49–63.

ermann, L.L., Coombs, K.M., 2004. Inhibition of reovirus by mycophenolic acid is
associated with the M1 genome segment. J. Virol. 78, 6171–6179.

udson, J.B., Graham, E.A., Simpson, M.F., 1988. The efficacy of amantadine and
other antiviral compounds against two salmonid viruses in vitro. Antivir. Res.

9, 379–385.

ashés, M., Mlynarz, G., De Clercq, E., Sandino, A.M., 2000. Inhibitory effects of EICAR
on infectious pancreatic necrosis virus replication. Antivir. Res. 45, 9–17.

amei, Y., Aoki, M., 2007. A chlorophyll c2 analogue from the marine brown alga
Eisenia bicyclis inactivates the infectious hematopoietic necrosis virus, a fish
rhabdovirus. Arch. Virol. 152, 861–869.



3 al Rese

L

L

L

L

L

M

M

M

M

M

M

M

P

P

R

R

S

S

S

S

38 L. Marroquí et al. / Antivir

aPatra, S.E., Lauda, K.A., Jones, G.R., Shewmaker, W.S., Bayne, C.J., 1998. Resistance
to IHN virus infection in rainbow trout is increased by glucan while subsequent
production of serum neutralizing activity is decreased. Fish Shellfish Immunol.
8, 435–446.

eBerre, M., DeKinkelin, P., Metzger, A., 1977. Identification sérologique des rhab-
dovirus des salmonidés. Bull. Office Int. Epizooties 87, 391–393.

eyssen, P., Balzarini, J., De Clercq, E., Neyts, J., 2005. The predominant mechanism
by which ribavirin exerts its antiviral activity in vitro against flaviviruses and
paramyxoviruses is mediated by inhibition of IMP dehydrogenase. J. Virol. 79,
1943–1947.

eyssen, P., De Clercq, E., Neyts, J., 2006. The anti-yellow fever virus activity of rib-
avirin is independent of error-prone replication. Mol. Pharmacol. 69, 1461–1467.

orenzo, G., Estepa, A., Coll, J.M., 1996. Fast neutralization immunoperoxidase assay
for viral haemorrhagic septicaemia with anti-nucleoprotein monoclonal anti-
body. J. Virol. Methods 58, 1–6.

arkland, W., McQuaid, T.J., Jain, J., Kwong, A.D., 2000. Broad-spectrum antiviral
activity of the IMP dehydrogenase inhibitor VX-497: a comparison with ribavirin
and demonstration of antiviral additivity with alpha interferon. Antimicrob.
Agents Chemother. 44, 859–866.

arroquí, L., Estepa, A., Perez, L., 2007. Assessment of the inhibitory effect of ribavirin
on the rainbow trout rhabdovirus VHSV by real-time reverse-transcription PCR.
Vet. Microbiol. 122, 52–60.

as, V., Rocha, A., Perez, L., Coll, J.M., Estepa, A., 2004. Reversible inhibition of spread-
ing of in vitro infection and imbalance of viral protein accumulation at low pH
in viral hemorrhagic septicemia rhabdovirus, a salmonid rhabdovirus. J. Virol.
78, 1936–1944.

as, V., Falco, A., Brocal, I., Perez, L., Coll, J.M., Estepa, A., 2006. Identification of selec-
tive inhibitors of VHSV from biased combinatorial libraries of N,N′-disubstituted

2,5-piperazinediones. Antivir. Res. 72, 107–115.

icol, V., Caturla, N., Pérez-Pons, L., Mas, V., Perez, L., Estepa, A., 2005. The olive
leaf extract exhibits antiviral activity against viral haemorrhagic septicaemia
rhabdovirus (VHSV). Antivir. Res. 66, 129–136.

igus, D.O., Dobos, P., 1980. Effect of ribavirin on the replication of infectious pan-
creatic necrosis virus in fish cell cultures. J. Gen. Virol. 47, 47–57.

T

T

arch 80 (2008) 332–338

oya, J., Pizarro, H., Jashés, M., De Clercq, E., Sandino, A.M., 2000. In vivo effect of
EICAR (5-ethynyl-1-b-d-ribofuranosylimidazole-carboxamide) on experimen-
tal infected rainbow trout (Oncorhynchus mykiss) and coho salmon fry with
infectious pancreatic necrosis virus. Antivir. Res. 48, 125–130.

arker, W.B., 2005. Metabolism and antiviral activity of ribavirin. Virus Res. 107,
165–171.

erez, L., Mas, V., Coll, J.M., Estepa, A., 2002. Enhanced detection of viral hem-
orrhagic septicemia virus (a salmonid rhabdovirus) by pretreatment of the
virus with a combinatorial library-selected peptide. J. Virol. Methods 106,
17–23.

ankin, J.T., 1989. Studies of the mechanism of the antiviral activity of ribavirin
against reovirus. Virology 168, 147–158.

obertson, C.M., Hermann, L.L., Coombs, K.M., 2004. Mycophenolic acid inhibits
avian reovirus replication. Antivir. Res. 64, 55–61.

intchak, M.D., Fleming, M.A., Futer, O., Raybuck, S.A., Chambers, S.P., Caron,
P.R., Murcko, M.A., Wilson, K.P., 1996. Structure and mechanism of inosine
monophosphate dehydrogenase in complex with the immunosuppressant
mycophenolic acid. Cell 85 (June 14 (6)), 921–930, 1996.

mee, D.F., Bray, M., Huggins, J.W., 2002. Antiviral activity and mode of action stud-
ies of ribavirin and mycophenolic acid against orthopoxviruses in vitro. Antivir.
Chem. Chemother. 12, 327–335.

tuyver, L.J., Lostia, S., Patterson, J.L., Clark, J.L., Watanabe, K.A., Otto, M.J., Pankiewicz,
K.W., 2002. Inhibitors of the IMPDH enzyme as potential anti-bovine viral diar-
rhoea virus agents. Antivir. Chem. Chemother. 13, 345–352.

un, Y., Chung, D.-H., Chu, Y.-K., Jonsson, C.B., Parker, W.B., 2007. Activity of ribavirin
against hantaan virus correlates with production of ribavirin-5′-triphosphate,
not with inhibition of IMP dehydrogenase. Antimicrob. Agents Chemother. 51,
84–88.
akhampunya, R., Ubol, S., Houng, H.-S., Cameron, C.E., Padmanabhan, R., 2006. Inhi-
bition of dengue virus replication by mycophenolic acid and ribavirin. J. Gen.
Virol. 87, 1947–1952.

oltzis, P., O’Connell, K., Patterson, J.L., 1988. Effect of phosphorylated ribavirin
on vesicular stomatitis virus transcription. Antimicrob. Agents Chemother. 32,
492–497.


	Inhibitory effect of mycophenolic acid on the replication of infectious pancreatic necrosis virus and viral hemorrhagic septicemia virus
	Introduction
	Materials and methods
	Cells, viruses and reagents
	Cytotoxicity determination and CPE reduction assay
	Virus yield and immunostained focus assays
	Western blot analysis
	Determination of time of addition and drug removal effect on the production of viral RNA
	Quantitation of viral RNA (real-time RT-PCR assay)

	Results
	Protection against VHSV-induced CPE in MPA-treated cells
	IPNV and VHSV growth is inhibited by MPA
	Effect of MPA on viral protein synthesis
	Inhibition of viral RNA synthesis by MPA
	Comparative effect of MPA and ribavirin on IPNV and VHSV RNA synthesis
	Effect of time of application of MPA on virus RNA expression
	Reversibility of the inhibition of IPNV RNA synthesis by MPA

	Discussion
	Acknowledgements
	References


