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Mycophenolic acid (MPA), an inhibitor of IMP dehydrogenase, inhibits reovirus replication and viral RNA
and protein production. In mouse 1.929 cells, antiviral effects were greatest at 30 g of MPA/ml. At this dosage,
MPA inhibited replication of reovirus strain T3D more than 1,000-fold and inhibited replication of reovirus
strain T1L nearly 100-fold, compared to non-drug-treated controls. Genetic reassortant analysis indicated the
primary determinant of strain-specific differences in sensitivity to MPA mapped to the viral M1 genome
segment, which encodes the minor core protein p2. MPA also inhibited replication of both strains of reovirus
in a variety of other cell lines, including Vero monkey kidney and U373 human astrocytoma cells. Addition of
exogenous guanosine to MPA-treated reovirus-infected cells restored viral replicative capacity to nearly normal
levels. These results suggest the p2 protein is involved in the uptake and processing of GTP in viral
transcription in infected cells and strengthens the evidence that the p2 protein can function as an NTPase and

is likely a transcriptase cofactor.

Viral diseases have historically been considered difficult to
treat with selective antiviral chemotherapy. It was believed the
viral replication cycle was so closely related to host cell me-
tabolism that any attempt to suppress viral replication would
kill or severely harm uninfected cells (15). Only five drugs were
licensed for the treatment of viral infections a decade ago;
however, due to a greater understanding of viral life cycles and
elucidation of virus-specific events as targets for antiviral
agents, there are currently more than 30 antiviral drugs ap-
proved for treatment of viral infections, and several others are
in advanced phase III clinical trials. Half of these agents are for
the treatment of human immunodeficiency virus, while the
remainder are primarily for hepatitis B virus, influenza viruses,
and herpesviruses (16). Unfortunately, we still lack effective
therapies for several important viral infections, and current
treatments are not always well tolerated. These deficiencies
highlight the need for further refinement of antiviral drug
design and development.

Mycophenolic acid (MPA) is a nonnucleoside, noncompet-
itive, reversible inhibitor of eukaryotic IMP dehydrogenase
(IMPDH) (Fig. 1). IMPDH catalyzes the rate-limiting step in
the de novo biosynthesis of purine mononucleotides and is
involved in the early steps of GMP synthesis. It is responsible
for the conversion of IMP to XMP, which is further converted
to GMP, GDP, dGDP, GTP, and dGTP (for review, see ref-
erence 1). IMPDH inhibitors are expected to mainly affect viral
RNA and/or DNA synthesis when there is an increased need
for synthesis, as in the case of virus-infected cells. IMPDH
inhibition decreases levels of intracellular guanine nucleotide
pools required for adequate RNA and DNA synthesis; there-
fore, inhibition of IMPDH with MPA has been shown to have
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antiproliferative (7), immunosuppressive (42), antimicrobial
(43), antiviral (63, 70), and antiparasitic (3, 29) effects. Cur-
rently, MPA is used clinically to prevent rejection of trans-
planted kidneys and hearts in combination with steroids and
cyclosporine A (2, 33, 66). MPA can inhibit the replication of
several viruses in vitro (20, 24, 30, 37, 38, 45, 47, 48) and
potentiates the inhibitory effects of acyclic guanosine analogs
(such as acyclovir, penciclovir, and ganciclovir) against herpes-
viruses (47, 48). MPA also potentiates the activity of nucleo-
side analogs against human immunodeficiency virus (27, 28,
38). This potentiation is thought to occur by an enhancement
of antiviral activity caused by depletion of normal dGTP sub-
strate pools, which decreases the competition that nucleoside
analogs experience from the normal substrate (dGTP) during
the DNA polymerization reaction. Thus, incorporation of the
analog and chain termination are increased (15, 19). Despite
some progress made in understanding the antiviral properties
of MPA, the potential application of its use as a broad-spec-
trum antiviral agent against both positive- and negative-
stranded RNA viruses has not been fully realized.

In an effort to further delineate the antiviral mechanism and
role of MPA, we examined the effects of MPA on reovirus.
Mammalian reoviruses are the prototypic members of the Or-
thoreovirus genus of the family Reoviridae (50). This family
includes a number of important medical (rotavirus) and eco-
nomic (orbivirus) pathogens (for reviews, see references 23
and 59). Mammalian reoviruses can infect a wide variety of
host species, but they cause significant pathology in only a
small subset of these hosts, most notably in neonatal mice (68).
Despite the apparent inability of reovirus to cause significant
human disease, the virus has proven to be a useful model for
studying viral pathogenesis. In addition, the segmented nature
of the reovirus genome, the known coding capacities of each
gene (41, 46), and strain-dependent mobility differences of the
genes in polyacrylamide gels allow the generation and identi-
fication of intertypic reassortant viruses, which have been used
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FIG. 1. Pathways of purine biosynthesis. MPA inhibits IMPDH, which directly causes depletion of the guanine nucleotides (GMP, GDP,
dGDP, GTP, and dGTP) and potentially causes a decrease in succinyl-AMP, which leads to a decrease in adenine nucleotides. The figure was

compiled from data in references 1, 14, and 35.

extensively to assign particular functions to many viral proteins
(for review, see reference 50).

For this study we examined the antiviral properties of MPA
against mammalian reovirus infection. MPA significantly in-
hibits reovirus replication when used at concentrations less
than those when it is used as a clinical immunosuppressive
agent. Reovirus inhibition is strain dependent, and genetic
reassortant mapping showed the M1 gene, which encodes the
minor core protein w2 that is thought to be a polymerase co-
factor, is associated with the antiviral effects of MPA against
reoviruses. Studies of RNA and protein production suggest
MPA inhibits reovirus replication by preventing both viral
RNA and protein production.

MATERIALS AND METHODS

Reagents, cells, and viruses. MPA and guanosine were purchased commer-
cially (Sigma Chemical Co.). Mouse 1929 fibroblast cells were cultured in Joklik
modified minimal essential medium (MEM; GIBCO) supplemented to contain
2.5% fetal calf serum (Intergen), 2.5% VSP neonate bovine serum (Biocell), and
2 mM L-glutamine. Vero (African Green monkey kidney) cells and U373 (human
astrocytoma) cells were cultured in Dulbecco modified MEM (GIBCO) supple-
mented to contain 2.5% fetal calf serum, 2.5% VSP neonate bovine serum, 2 mM
L-glutamine, and 3.5 g of p-glucose/liter. T1L, T3D, and T1L X T3D reassortant
viruses (originally isolated as described elsewhere [5, 11, 21]) and genotypes
confirmed as described previously (49) were grown in mouse 1929 cell mono-
layers supplemented to contain 100 U of penicillin per ml, 100 ng of streptomy-
cin sulfate/ml, and 1 pg of amphotericin B/ml as described elsewhere (12).

Virus infections and drug treatments. Except where differences have been
noted, cells were routinely treated with various concentrations of MPA 1 h prior
to infection. Most of the medium was removed and saved (as preadapted me-
dium), and treated cells then were infected with high-titer stocks of T1L, T3D, or
T1L X T3D reassortant viruses at various multiplicities of infection (MOIs). A
mixture of fresh medium and preadapted medium (3:1; supplemented to contain
the same amount of MPA as used during pretreatment) was then added to
infected cells, which were incubated at 37°C. Supernatants and cells were har-
vested at various times (hours) postinfection (hpi) for virus titration by plaque
assay as described previously (12). In time course studies, cells were treated with
MPA at various times prior to, during, or post-reovirus exposure, and virus was

harvested at 72 hpi. In some experiments, infected cells were incubated with 50
pg of guanosine/ml.

Analyses of virus-specific RNA synthesis. Subconfluent 1.929 monolayers in
P60 dishes were treated with 0, 300 ng, or 3 wg of MPA/ml for 1 h and then
infected with T1L or T3D at an MOI of 10 PFU/cell. After virus adsorption for
1 h, fresh medium that contained the same amount of MPA as that used to
pretreat cells was added, and infections were labeled by the addition of
[*?PJorthophosphate (Perkin-Elmer) to a final concentration of 20 p.Ci/ml. In-
fections were incubated at 37°C and harvested at 24 or 72 hpi. Immediately after
incubation infections were placed on ice, and cell monolayers were scraped from
the plate to harvest cells. Infected cells were treated with lysis buffer (140 mM
NaCl, 1.5 mM MgCl,, 10 mM Tris [pH 7.4], 0.5% Nonidet P-40), and cellular
nuclei and organelles were removed by low-speed centrifugation. Viral double-
stranded (dsSRNA) genomes were isolated from cell lysates by phenol-chloroform
extraction and precipitated overnight at —20°C in 2.5 volumes of ice-cold etha-
nol. Viral dsRNA pellets were dried and resuspended in agarose electrophoresis
sample buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll).
Samples were stored at —20°C if not used immediately. Labeled RNA was
resolved in 0.9% horizontal agarose gels that contained 0.1% ethidium bromide
to allow RNA visualization under UV light and run at 100 V for 1.5 h in 0.5X
Tris-borate-EDTA buffer. Nonlabeled purified T3D virions were used as an
RNA marker. Gels were dried onto filter paper and then autoradiographed by
exposure to Kodak X-AR sheet film (Kodak) at —80°C.

Identification of total viral protein production. Immunoprecipitations were
carried out essentially as described previously (26). Briefly, subconfluent 1.929
monolayers in P60 dishes were treated with 0, 300 ng, or 3 pg of MPA/ml for 1 h
and then infected with TIL or T3D at an MOI of 10 PFU/cell. After virus
adsorption for 1 h, fresh medium that contained the same amount of MPA as
used to pretreat cells was added and infections were labeled by the addition of
[**S]methionine-cysteine (Perkin-Elmer) to a final concentration greater than
20 wCi/ml. Infections were incubated at 37°C and harvested at 24 and 72 hpi.
Cytoplasmic extracts were prepared, incubated with anti-T3D reovirus-conju-
gated protein A-Sepharose beads, and processed as described elsewhere (26).
Radiolabeled proteins were dissolved in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (0.24 M Tris-HCI [pH 6.8], 1.5%
dithiothreitol, 1% SDS), heated to 95°C for 3 to 5 min, and resolved in 5-to-15%
gradient SDS-PAGE gels (16.0 by 12.0 by 0.1 cm) at 5 mA for 18 h. Gels were
fixed and impregnated with Enlightning (Perkin-Elmer), dried onto filter paper,
and then fluorographed by exposure to Kodak X-AR sheet film (Kodak) at
—80°C.
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FIG. 2. Effect of MPA in L929 cells; effect of MPA on production
of infectious reovirus progeny. L929 cells were pretreated with the
indicated concentrations of MPA for 1 h before infection with T1L and
T3D at an MOI of 0.12 PFU/cell. After virus adsorption, cells were
overlaid with fresh MEM that contained the indicated concentrations
of MPA and incubated at 37°C. Virus was harvested between 65 and 72
hpi, and viral titer was determined. Results are displayed as the relative
titer, with infectious progeny virus produced at each MPA concentra-
tion expressed as a proportion of virus produced in the untreated
control (0 MPA). The data represent the average of a minimum of
three experiments, and the error bars represent 1 standard deviation.

RESULTS

MPA inhibits production of infectious reovirus progeny in
1929 fibroblasts. Inhibition of reovirus replication has been
achieved with some antiviral compounds, including neplanocin
A and some of its derivatives (18, 52, 58), acivicin (31), ciclox-
olone sodium (13), cyclopentenylcytosine (14, 17), and ribavi-
rin (another IMPDH inhibitor) (9, 34, 55). In an effort to
characterize additional antiviral agents that could attenuate
reovirus infection, MPA, a molecule that inhibits replication of
other viruses (20, 24, 30, 37, 45), was assessed for its ability to
inhibit T1L and T3D replication in mouse 1929 fibroblasts.
The dose response of MPA on the production of infectious
viral progeny was determined for concentrations of MPA be-
tween 0 and 100 pg/ml (Fig. 2). Concentrations of MPA of <30
ng/ml had no significant effect upon the replication of either
T1L or T3D when cells were infected at a low MOI of 0.12
PFU/cell. An MPA concentration of 300 ng/ml appeared to
produce different effects in T1L infections compared to T3D
infections. On average, addition of 300 ng of MPA/ml led to a
threefold increase in infectious T1L viral progeny. In some
experimental trials, addition of this dose had no significant
effect upon T1L production compared to non-drug-treated
control infections, whereas in other trials addition of this dose
of MPA led to an increase in infectious progeny production
that ranged from a one- to eightfold increase. In contrast,
application of a dose of 300 ng of MPA/ml to T3D infections
consistently led to a decrease in progeny virus production that
ranged from 2- to 17-fold (average of 7-fold) less than compa-
rable non-drug-treated control infections. The three- to seven-
fold changes in viral replication seen at 300 ng of MPA/ml were
not statistically significant when compared to non-drug-treated
samples (P > 0.05). Higher concentrations of MPA led to a
decrease in virus production for both strains, and these plaque
reduction assays demonstrated that decreased production of
infectious viral progeny was maximal at an MPA concentration
of 30 wg/ml. We observed several strain-dependent differences
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in responses of T1L and T3D to different doses of MPA, with
T3D generally being more sensitive to the antiviral effects of
MPA than TIL. In addition to the strain-dependent different
responses to 300 ng of MPA/ml noted above, the extent of viral
inhibition was also different between T1L and T3D. The inhi-
bition of infectious viral progeny production by MPA was
greater in T3D, with a maximum inhibition of 1,560-fold com-
pared to 46-fold for T1L at a dose of 30 wg of MPA/ml. Viral
inhibition was not caused by cell toxicity, because there were
only small differences in cell viability determined by cell dou-
bling times, trypan blue exclusion, and WST cell toxicity assays
at these MPA doses (data not shown). However, cell mono-
layers started to deteriorate after 24 h of exposure to 100 pg of
MPA/ml. The 100-pg/ml MPA dose produced a paradoxical
effect: despite the cytotoxic effect seen at this higher drug
concentration, production of infectious viral progeny was in-
creased compared to that at lower, less-cytotoxic drug concen-
trations. For most subsequent experiments, we routinely used
a dosage of 3 ug of MPA/ml. This concentration was selected
because cytotoxicity was less than at higher MPA concentra-
tions and this concentration would ensure any inhibition seen
was due to the inhibitory effects of MPA on the virus rather
than cytotoxic effects on the cells. Strain-dependent differences
in inhibition were also seen at this concentration of MPA, with
near-maximal levels of inhibition. Some studies were also per-
formed using an MPA dosage of 300 ng/ml.

L.929 cells also were pretreated with mycophenolate mofetil,
the pro-drug version of MPA used clinically. Similar molar
concentrations of mycophenolate mofetil led to comparable
inhibition of T1L and T3D replication (data not shown). Cells
were also pretreated with MPA and then infected with T1L
and T3D at various MOIs to determine if the amount of in-
fecting virus affected MPA inhibition. Although there were
differences in the amount of inhibition seen at different MOls,
these were not statistically significant when virus was added at
an MOI of 0.12, 1.2, or 12 PFU/cell for either T1L or T3D
(data not shown).

Time of MPA addition affects level of viral growth inhibi-
tion. When MPA was added 1 h preinfection or at 0, 3, 6, 12,
or 24 hpi, differences in levels of viral inhibition were seen.
Production of infectious viral progeny was reduced the most
compared to untreated control cells when MPA was added
between 0 and 12 hpi (P < 0.005) (Fig. 3). Viral replication was
inhibited less when drug was added 1 h preinfection than when
drug was added at the time of infection (T1L, 22-fold com-
pared to >85-fold [P = 0.084]; T3D, 123-fold compared to
>580-fold [P = 0.029]). Inhibition of virus production was
minimal in cells treated with MPA at 24 hpi and was not
significantly different from non-drug-treated control infections.
Strain-dependent differences in response to the addition of
MPA occurred whether the drug was added 1 h preinfection, at
the time of infection, or 3 or 6 hpi. However, the greatest, and
statistically significant, difference in viral inhibition between
TI1L and T3D was seen when cells were pretreated with MPA.
Similar results were seen when MPA-treated cells were in-
fected at MOIs of 1.2 and 12 (data not shown).

Differences in MPA sensitivity map to the M1 gene segment.
As indicated earlier, MPA has been shown to inhibit replica-
tion of several viruses (20, 24, 30, 37, 38, 45, 47, 48). However,
viral factors, if any, that play a role(s) in sensitivity to MPA
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FIG. 3. Time course of the effect of MPA on production of infectious virus progeny. 1929 cells were infected with T1L and T3D at an MOI
of 0.12 PFU/cell and harvested between 65 and 72 hpi. MPA was added at the indicated times with respect to virus inoculation. Results are
displayed as the relative titer compared to progeny virus production in the untreated control. The data represent the average of a minimum of two

experiments, and the error bars represent 1 standard deviation.

have not yet been delineated. The strain-dependent differences
seen in reovirus MPA sensitivity (Fig. 2) provided us a unique
opportunity to undertake a genetic approach to identify viral
factors involved in the differential effect of MPA on T1L and
T3D virus production. A panel of 39 virus clones (the two
parents, T1L and T3D, plus 37 reassortant viruses) was inves-
tigated to determine the inhibitory effects of MPA (Table 1).
All 39 virus clones were tested for their capacities to replicate
in the presence or absence of MPA. A few reassortants be-
haved similarly to T1L, with lower levels of sensitivity to MPA,
while others behaved more like T3D with increased sensitivity
to MPA. Some reassortants exhibited less sensitivity to MPA
than T1L. The different reassortant behaviors prevented clones
from being placed into only two distinct groups. Therefore, the
relative sensitivities of each clone to MPA were used to facil-
itate reassortant mapping analyses. These relative sensitivities,
expressed as the fold reduction in virus replication for each
virus clone, generated a continuum from 26 to approximately
5,000 (Table 1). Wilcoxon rank sum analysis of the ranked
clones indicated the viral M1 gene, which encodes minor core
protein p2, was the primary determinant of the strain-depen-
dent difference in MPA sensitivity. The Wilcoxon analysis also
suggested the M2, M3, and S1 genome segments contributed
to the strain-dependent differences. However, additional sta-
tistical analyses (univariate chi-square and multiple logistical
regression) indicated the M1 gene was the principle determi-
nant of strain-dependent differences (Table 2). Similarly, reas-
sortant mapping of the strain-dependent differences seen in
the presence of 300 ng of MPA/ml implicated the M1 gene
(data not shown).

Reovirus growth is inhibited by MPA for up to 48 hpi. We
then investigated the effect of MPA during the course of viral
replication to help characterize the effects of MPA at various
times throughout the reovirus life cycle. Subconfluent 1.929
cells were pretreated with MPA at 0 or 3 pg/ml for 1 h, infected
with T1L or T3D at an MOI of 0.12 PFU/cell, and harvested at

various time points to generate a growth curve (Fig. 4). In
non-drug-treated control samples, viral titers increased dra-
matically after the 12-h viral eclipse phase. In contrast, T1L
titers of MPA-treated samples started to increase at 24 h and
slowly increased until 72 h, when infections were harvested and
titers were about sevenfold greater than input virus titer, indi-
cating a low level of progeny virus production. In contrast, T3D
viral titers did not begin to increase until 48 hpi, and the titer
at 72 h was not significantly higher than the input titer, sug-
gesting little, if any, progeny virus growth.

Addition of exogenous guanosine rescues viral growth. The
mechanism of antiviral activity of MPA likely occurs through
the depletion of intracellular guanine nucleotide pools (1, 64).
Therefore, the addition of excess exogenous guanosine to vi-
rus-infected cells treated with MPA should yield viral titers
comparable to those in untreated controls. L929 cells were
either mock-treated or pretreated for 1 h with 3 ug of MPA/ml,
infected with T1L or T3D at an MOI of 0.12 PFU/cell, and
harvested between 65 and 72 hpi. Addition of guanosine at a
concentration of 50 wg/ml to infections in the presence of MPA
restored viral replication to near-normal levels (Fig. 5). These
results are in agreement with previous studies (20, 48).

MPA inhibits viral RNA and protein production. Although
the antiviral activity of MPA is due to decreased levels of
intracellular GTP, it is not clear which guanosine- or GTP-
dependent step in the viral life cycle (e.g., intracellular signal-
ing, translation, or replication) is most susceptible; therefore,
we examined earlier stages in the viral life cycle that might be
susceptible to MPA inhibition. Since MPA blocked the pro-
duction of infectious viral progeny but did not decrease levels
of virus below input levels, two possible mechanisms of inhi-
bition were hypothesized: (i) MPA inhibited viral RNA syn-
thesis or (ii) MPA inhibited the translation of the infectious
viral RNA. We investigated the effect of MPA on both viral
RNA production and protein production. To determine wheth-
er MPA affects viral RNA production, 1.929 cells were infected
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TABLE 1. Genotypes of TIL X T3D intertypic reassortants tested for MPA sensitivity
Parental source for the following gene segments®: Fold
Clone - b Rank®
L1 L2 L3 M1 M2 M3 s1 $2 s3 s4 reduction

H14 1 1 3 1 1 1 1 3 3 1 26 39
EB143 3 1 1 1 1 1 3 1 1 1 27 38
EB129 3 3 3 3 3 1 3 1 1 3 28 37
EB74 1 3 1 1 1 1 1 1 3 1 34 36
EB136 3 3 3 1 3 1 3 3 3 3 35 35
KC36 3 1 1 1 1 1 1 3 1 3 42 34
EB120 3 3 3 1 1 3 3 3 1 1 52 33
H24 1 1 1 1 1 1 1 1 1 3 58 32
EBS85 1 1 1 1 1 3 1 3 1 1 61 31
H27 1 3 1 1 3 1 1 1 1 1 62 30
KC9 3 3 1 3 3 3 1 3 3 3 76 29
H60 3 3 1 1 3 3 3 3 3 1 81 28
EB93 1 1 1 1 1 1 1 1 3 1 90 27
TIL 1 1 1 1 1 1 1 1 1 1 91 26
EB108 1 3 1 3 1 1 1 1 3 3 107 25
KC10 1 1 1 1 1 1 1 3 1 1 109 24
EB47 1 3 1 1 1 1 1 1 1 1 122 23
G2 1 3 1 1 1 1 3 1 1 1 127 22
EB118 3 3 1 1 3 3 3 3 1 1 128 21
KC28 3 3 1 3 3 1 1 3 3 3 130 20
EB146 1 1 1 3 1 1 1 1 1 3 140 19
EB96 1 3 1 3 1 1 1 1 3 1 148 18
EB18 3 3 1 3 3 3 1 1 3 1 149 17
G16 1 1 1 3 1 1 1 3 1 1 170 16
EB126 3 3 1 3 1 1 1 3 3 1 203 15
EB39 1 3 3 1 3 3 3 3 3 3 217 14
EB31 1 1 1 3 1 1 1 3 3 1 249 13
H15 1 3 3 1 3 3 3 3 3 1 273 12
KC35 1 3 1 1 3 1 3 1 3 1 290 11
E3 3 3 3 3 1 3 3 3 3 3 305 10
EB113 1 1 1 3 1 1 1 1 3 1 310 9
KC19 1 1 1 1 3 1 3 1 3 1 460 8
EB13 3 3 3 3 3 3 3 3 3 1 533 7
KC55 1 3 1 3 3 3 1 3 1 3 585 6
EBS8 3 3 3 3 1 3 3 3 3 3 707 5
EB62 3 3 3 3 3 3 3 1 3 1 757 4
T3D 3 3 3 3 3 3 3 3 3 3 844 3
EB28 3 3 1 3 3 3 3 1 3 3 1231 2
EB97 3 3 1 3 3 3 3 3 3 1 4968 1
P value? 0.2771 0.9524 0.2561 0.00025 0.0173 0.0028 0.0260 0.7505 0.9960 0.3961

“ Numbers indicate parental sources of gene: 1, T1L; 3, T3D.

? Fold reductions were calculated by comparing each clone’s replication in the presence of 3 g of MPA/ml to replication in the absence of MPA. Values represent

the average from two or more trials.
¢ Ranking was used for statistical purposes.
@ Calculations performed as described at the website http:/home.clara.net/sisa/.

with T1L or T3D virus in the presence or absence of differ-
ent concentrations of MPA, biosynthetically labeled with
[**PJorthophosphate, and incubated at 37°C. Virus was har-
vested at 24 or 72 hpi, and RNA was extracted and separated
in agarose gels. Viral RNA production for both T1L and T3D
was significantly decreased compared to the non-drug-treated
control at 24 hpi, and the decrease was still evident at 72 hpi
(Fig. 6A). However, some progeny RNA production was seen
in T1L infections, especially at 300 ng of MPA/ml at later
times, consistent with growth curve results (Fig. 4).

To determine whether MPA affected translation, 1.929 cells
were infected with T1L or T3D in the presence or absence of
MPA and biosynthetically labeled with [**S]methionine-cys-
teine. Infections were incubated at 37°C for 24 or 72 h and
harvested, and viral proteins were immunoprecipitated and
separated by SDS-PAGE. Synthesis of viral proteins in infec-

TABLE 2. Statistical analyses of genes associated with
differential MPA effects

Gene chi square” Multiple logistical regression
L1 0.8

L2 0.2

L3 0.3

M1 0.005 0.04
M2 0.2

M3 0.1

S1 0.7

S2 0.8

S3 0.02 0.13
S4 0.8

“ Reassortant phenotype data set (from Table 1) divided into halves; univar-
iate chi-square analysis was performed on distribution of each gene within each
half.
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FIG. 4. Virus production over time in the presence of MPA. 1929
cells were pretreated with MPA for 1 h before infection with T1L and
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overlaid with fresh MEM that contained the indicated concentrations
of MPA and incubated at 37°C. Virus was harvested between 0 and 72
hpi, and viral titer was determined. The data represent the average of
a minimum of two experiments, and the error bars represent 1 stan-
dard deviation.

tions treated with MPA was substantially decreased in cells
harvested at both 24 and 72 h for both T1L and T3D (Fig. 6B).
The identities of viral proteins were confirmed by comparison
with in-house viral markers.

MPA inhibits production of infectious reovirus progeny in
other cell lines. In order to be clinically useful as a broad-
spectrum antiviral agent, a compound might need to exert its
effects in a variety of tissues. Since the sensitivity of virus-cell
culture systems to ribavirin, another IMPDH inhibitor, and
MPA are often dependent on the host cell line being used (47,
55, 57), we examined the effects of MPA on the production of
infectious reovirus progeny in other cell lines. Vero and U373
cells, which are known to support reovirus replication (6, 32),
were pretreated with various concentrations of MPA for 1 h
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FIG. 5. Effect of exogenous guanosine on infectious virus progeny
production in the presence of MPA. 1.929 cells were pretreated with
MPA for 1 h before infection with T1L and T3D at an MOI of 0.12
PFU/cell. After virus adsorption, cells were overlaid with fresh MEM
that contained no supplements, 3 pg of MPA/ml, 50 pg of guanosine/
ml, or a combination of MPA plus guanosine. Virus was harvested
between 65 and 72 hpi, and viral titer was determined. The data
represent the average of a minimum of two experiments, and the error
bars represent 1 standard deviation.
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FIG. 6. Effect of MPA on viral RNA and protein production.
(A) Agarose gel analysis of [**P]orthophosphate-labeled viral RNA.
Pretreated 1929 cells were either mock infected (M) or infected with
TI1L or T3D in the presence of 0, 300 ng, or 3 pg of MPA/ml, labeled
with [**P]orthophosphate, and incubated at 37°C as detailed in Mate-
rials and Methods. At 24 or 72 hpi, dsSRNA was purified and agarose
gels were run at 125 V for 2 h, dried, and exposed to X-ray film. The
locations of the L, M, and S gene segments are indicated between
the day 1 and day 3 panels. (B) Immunoprecipitation fluorograph of
[**S]methionine-cysteine-labeled cell extracts mock infected (M) or
infected with TIL or T3D and treated as described for panel A.
Extracts were precipitated with anti-T3D polyvalent antiserum conju-
gated to protein A-Sepharose. Labeled proteins were resolved in 5-to-
15% gradient SDS-PAGE gels (16.0 by 12.0 by 0.1 cm) at 5 mA for
18 h, and the gels were fixed, dried, and exposed to X-ray film. The
location of the major A\, p, and o classes of reovirus proteins are
indicated between the day 1 and day 3 panels.

before infection with T1L or T3D at an MOI of 0.12 PFU/cell.
Cells were incubated in the presence of various MPA concen-
trations at 37°C and harvested between 65 and 72 hpi, and the
viral titer was determined (Fig. 7).

Results of infections in MPA-treated Vero cells were similar
to results in MPA-treated L929 cells (Fig. 7A). Concentrations
of =30 ng of MPA/ml had no significant effect on either T1L
or T3D virus production. An MPA concentration of 300 ng/ml
appeared to produce a different effect in T1L infections com-
pared to those with T3D. Addition of 300 ng of MPA/ml had
no significant inhibitory effect on T1L production compared to
non-drug-treated controls, whereas it caused a 10-fold de-
crease in production of T3D infectious viral progeny compared
to untreated controls. Higher concentrations of MPA led to a
decrease in virus production for both strains, with maximal
inhibition of viral production at 30 pg/ml. Viral production was
decreased 535- and 1,379-fold for T1L and T3D, respectively,
compared to non-drug-treated controls. In addition to strain-
dependent different responses at 300 ng/ml, we also observed
that T3D was more sensitive to the effects of MPA than T1L.
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FIG. 7. Effect of MPA on production of infectious reovirus prog-
eny in other cell lines. Vero (A) and U373 (B) cells were pretreated
with the indicated concentrations of MPA for 1 h before infection with
TI1L and T3D at an MOI of 0.12 PFU/cell as described in the legend
to Fig. 2. Virus was harvested between 65 and 72 hpi, and viral titer was
determined. Results are displayed as the relative titer compared to
progeny virus production in the untreated control. The data represent
the average of a minimum of two experiments, and the error bars
represent 1 standard deviation.

These differences were greatest at 3 pg of MPA/ml, unlike in
1929 cells where strain-dependent differences were greatest at
30 pg/ml (Fig. 2).

The effects of MPA on reovirus infection in U373 cells were
similar to those in 1929 and Vero cells, in that MPA concen-
trations of =30 ng/ml had no significant effects on viral titer
compared to non-drug-treated controls (Fig. 7B). However, in
contrast to 1929 and Vero cells, strain-dependent differences
in viral inhibition were minimal, with T3D slightly more sen-
sitive than T1L to the inhibitory effects of MPA at a concen-
tration of 300 ng/ml. Maximum inhibition of virus production
for both T1L and T3D was around 250-fold and occurred at 3
and 30 pg of MPA/ml.

DISCUSSION

MPA is currently used as an immunosuppressive agent to
prevent organ rejection in kidney and heart transplants. In this
capacity, it is believed to act through inhibition of T-cell pro-
liferation. The proliferative response of human lymphocytes is
highly dependent on de novo purine biosynthesis, whereas the
major salvage pathway catalyzed by hypoxanthine-guanine
phosphoribosyltransferase is not required for lymphocyte pro-
liferation (Fig. 1). Thus, inhibition of IMPDH, which results in

MYCOPHENOLIC ACID INHIBITS REOVIRUS REPLICATION 6177

a depletion of the intracellular GTP and dGTP pools, would be
more potent on lymphocytes than on other cell types (for
review, see reference 1). Previous studies have reported MPA
inhibited several viruses in vitro in a guanosine-dependent
manner, likely by a similar mechanism (20, 24). However, we
are not aware of previous studies that examined viral factors
that contribute to this inhibition and, although some previous
studies indicated that MPA inhibits reovirus T1L infection (20,
24), those data are not generally available.

In this study, we investigated the ability of MPA, a non-
nucleoside inhibitor of IMPDH, to inhibit reovirus replication
in L.929, Vero, and U373 cells. Using plaque reduction assays,
growth studies, and biosynthetic labeling, we demonstrated MPA
inhibits reovirus replication, prevents an increase in reovirus
titer beyond input titer, and inhibits production of reovirus
progeny by reducing levels of viral RNA and protein. Our data
convincingly show MPA is an antireovirus agent and, although
it cannot prevent reovirus infection, it can attenuate reovirus
replication. In the presence of 3 pg of MPA/ml, viral replica-
tion was suppressed for at least 24 and 48 hpi in T1L and T3D
infections, respectively, compared to non-drug-treated con-
trols, where viral titers increased dramatically after 12 hpi (Fig.
4). To test whether this represented a decrease in infectious
viral progeny or a true decrease in viral production, we inves-
tigated the effect of MPA on RNA and protein production.
Both RNA and protein production of both virus clones were
suppressed in the presence of 3 pg of MPA/ml, and only T3D
progeny RNA and protein production were substantially re-
duced in the presence of 300 ng of MPA/ml, when infections
were harvested at 72 hpi (Fig. 6). The inhibitory effect of MPA
was not due to cell toxicity and was reversed by the addition of
exogenous guanosine (Fig. 5). These observations support the
interpretation that the major mechanism of action of MPA is
to deplete intracellular GTP and inhibit viral polymerase ac-
tivity, and they are consistent with reports of in vitro antiviral
activity in other virus systems (20, 24, 30, 45, 65, 70).

Our present results revealed that reovirus strains T1L and
T3D differed in their sensitivities to MPA in 1.929 cells, with
T3D more sensitive to the antiviral effects of MPA than T1L.
Maximum inhibition was seen at a level of 30 pg of MPA/ml,
where inhibition of T3D was 1,560-fold compared to 46-fold
for T1L in L1929 cells (Fig. 2). Genetic reassortant analysis of
strain-dependent differences suggested the M1 gene, which
encodes the p2 protein, as the primary determinant of the
difference in inhibition between T1L and T3D in 1929 cells
(Table 1 and 2). Some reassortant clones (e.g., EB129 and
KC19, among others) appeared to be exceptions to the pre-
sumed M1 mapping, and a few other viral genes (M2, M3, and
S1) appeared to contribute to the phenotypic differences. In-
terestingly, other studies (for example, references 61 and 71)
have also found that some phenotypes do not map unambig-
uously to the M1 gene, necessitating statistical evaluation. To
determine the statistical significance of each reovirus gene in
the differential MPA sensitivity phenotype, a variety of statis-
tical tests were performed. Division of the reassortant data set
into halves and a univariate chi-square analysis of the distri-
bution of each gene in each half indicated that the M1 gene
was the most significant single determinant (P = 0.005) and
that the S3 gene also was significant, but to a lesser extent (P =
0.02) (Table 2). A Wilcoxon rank sum analysis (that assigns
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weight to the placement of each gene within the data set) in-
dicated the M1 gene was the most significant determinant (P =
0.00025) but also suggested that the M2 (P = 0.017), M3 (P =
0.0028), and S1 (P = 0.026) genes contributed to the pheno-
typic differences. Multiple logistical regression analyses were
also performed to determine whether the above genes truly
contributed to the phenotypic differences or whether the ap-
parent contribution was caused by nonrandom gene distribu-
tions (49) in the available reassortants (Table 2). Irrespective
of whether multiple logistical regression was performed on the
complete data set of all individual experiments (data not shown)
or whether it was performed on the average fold reductions
(values in Table 1), the M1 gene was found to be the only
major determinant of MPA phenotypic differences (P = 0.04).

The reovirus M1 gene is 2,304 bp long (67, 69, 72) and
encodes the minor reovirus structural protein p2. It is a minor
component of the inner capsid, present in only 20 to 24 copies
per particle (10). Protein p2 has not been definitively localized
within the reovirus particles but is thought to associate with the
RNA-dependent RNA polymerase and reside near the icosa-
hedral five-fold axes (22, 56). The functions of w2 are only
partially understood. The M1 gene segment is genetically as-
sociated with viral strain differences in the severity of cyto-
pathic effect in mouse 1929 cells, the frequency of myocarditis
in mice, the levels of viral growth in cardiac myocytes and
endothelial cells, the degree of organ-specific virulence in
SCID mice, and the level of interferon induction in cardiac
myocytes (25, 39, 44, 61, 62). The p.2 protein has also been
shown to bind RNA and to be involved in formation of viral
inclusions through microtubule binding in infected cells (4, 40,
53). Other genetic studies have associated the M1 gene with
viral strain differences in the in vitro transcriptase and nucle-
oside triphosphatase activities of viral core particles (51, 71),
which have been used to suggest that p2 is a transcriptase co-
factor, but p2 remains the most poorly understood of the eight
proteins found in reovirus virions. The complete sequence of
the M1 gene segment has been reported for both T1L and T3D
(53, 69, 72). The T1L and T3D M1 sequences are among the
most highly conserved among different reovirus strains, show-
ing about 98% nucleotide identity and >98.5% amino acid iden-
tity, which indicates 1 or more of the 10 amino acid differences
found between the strains’ p2 proteins are responsible for the
phenotypic differences. Computer-based comparisons of the
M1 gene and p.2 protein sequences to others in GenBank have
failed to show significant homology to other proteins, so that
no clear indications of the function of n2 have been revealed.
However, small regions of sequence similarity to NTP-binding
motifs have been identified near the middle of p.2.

The results of this study provide further insight into the
reovirus minor core protein w2, which remains the most func-
tionally and structurally enigmatic of the reovirus proteins. The
strain-specific difference in antiviral activity of MPA was ge-
netically associated with the M1 gene segment (Table 1).
Based on the mechanism of action of MPA, this suggests the
w2 protein plays a role in the uptake and processing of GTP in
viral transcription and strengthens the evidence that the p2
protein can function as an NTPase and is likely a transcriptase
cofactor. Results from work with an MPA-resistant Sindbis
virus mutant suggested that an alteration of the RNA guanyl-
yltransferase was responsible for the MPA-resistant phenotype
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(60), and it is possible the reovirus p2 protein may also con-
tribute to guanylyltransferase activity. Previous work has indi-
cated that the core spike protein A2 has guanylyltransferase
activity (8, 36, 54) and, while the location of w2 is unknown, it
is presumed to be in close proximity to, or interact with, pro-
tein A2 (50). Generation and study of an MPA-resistant reo-
virus mutant may help elucidate additional roles played by
minor core protein w2 in reovirus replication.
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