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Abstract

FK778 (Fujisawa Healthcare Inc.) is an immunosuppressant structurally similar to A771726, the active metabolite of leflunomide (Aventis
Pharmaceuticals), but with a clinically relevant shorter serum half-life. Leflunomide, a tolerated and efficacious immunosuppressive agent
in patients receiving allograft transplantations, was reported to be active against HCMV and HSV-1. Here we report that FK778 is a
potent and effective inhibitor of HCMV, and that its mode of antiviral action appears to mirror the biochemical mechanisms elsewhere
described to be responsible for its immunosuppressive properties: inhibition of protein tyrosine phosphorylation and inhibition of cellular
de novo pyrimidine biosynthesis. Initial HCMV-mediated activation of the EGF receptor/phosphatidylinositol 3-kinase (PI3-K) pathways
and Sp1 and NF-�B were partially inhibited by FK778. The second tier (phase) of PI3-K, Sp1, and NF-�B induction by HCMV was
more sensitive to FK778. Treatment of HCMV-infected cells with FK778 prevented the appearance of HCMV proteins some 12–24 h post
infection, and inhibited viral DNA synthesis. In our assays, leflunomide also reduced HCMV DNA levels. The antiviral activity of FK778
was reversed in cell culture by treatment with uridine, consistent with specific inhibition of dihydroorotate dehydrogenase (DHODH), a
required enzyme in the de novo biosynthesis of pyrimidines. This report substantiates the clinical possibility of a single drug treatment to
achieve immunosuppression and inhibit opportunistic herpesvirus infections. Our results differ from descriptions of leflunomide acting as
an inhibitor of HCMV cytoplasmic capsid formation. Additionally, this study indicates that DHODH may be an effective cellular antiviral
target.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Human cytomegalovirus (HCMV) is a�-herpesvirus
with high seroprevalence but most infected individuals are
asymptomatic (Landolfo et al., 2003). However, HCMV
is responsible for significant morbidity and mortality in
immunocompromised populations. This virus is a leading
cause of birth defects, often causing mental retardation and
deafness (Plotkin, 1999). HCMV is a common opportunis-
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tic pathogen in transplant recipients and is associated with
allograft rejection (Rawlinson and Scott, 2003). Acquired
immune deficiency syndrome (AIDS) patients frequently
lose their sight due to HCMV retinitis (Scholz et al., 2003).
There is evidence that HCMV may play a role in the eti-
ologies of atherosclerosis, coronary artery restenosis, and
inflammatory bowel diseases (Rawlinson and Scott, 2003).

The most widely used clinical therapies for the pro-
phylaxis and treatment of HCMV infections are the small
molecule inhibitors: pyrophosphate analog foscarnet and
nucleoside analogs cidofovir and ganciclovir (and its valine
ester pro-drug valganciclovir) (Griffiths, 2002). These viro-
static drugs block viral DNA polymerase but do not prevent
HCMV from entering host cells or inducing multiple signal
transduction events, nor do they halt virus production of
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immediate-early and early viral proteins (Huang, 1975b;
Mar et al., 1983, 1985). Additional limitations include
the clinical prevalence of drug-resistant and cross-resistant
strains of HCMV (Erice, 1999), as well as dose limiting re-
nal (foscarnet and cidofovir) and bone marrow (ganciclovir)
toxicities (Griffiths, 2002). Other antiviral agents employed
are the intraocularly injected antisense phosphorothioate
oligonucleotide fomivirsen (Perry and Barman Balfour,
1999) and HCMV hyperimmune globulin (Snydman, 2001).
The mechanisms of action for HCMV hyperimmune globu-
lin and fomivirsen have not been defined, but they appear to
act at or around the entry and entry/immediate-early stages
of viral replication, respectively (Andreoni et al., 2002;
Azad et al., 1993).

Leflunomide (Fig. 1; Arava, Aventis Pharmaceuticals) is
a marketed therapeutic agent for the treatment of rheuma-
toid arthritis and autoimmune disorders (Sanders and
Harisdangkul, 2002). It is a tolerated and efficacious im-
munosuppressive agent in patients receiving allograft trans-
plantations (Williams et al., 2002). Reports that leflunomide
was also active against HCMV (Waldman et al., 1999a,b)
and herpes simplex virus type 1 (HSV-1) (Knight et al.,
2001) indicated the clinical possibility of a single drug treat-
ment to achieve immunosuppression and inhibit opportunis-
tic herpesvirus infections. An immunosuppressive drug with
activity against HCMV would have a significant advantage
over currently marketed therapeutics. The immunosuppres-
sive activity of A771726 (Fig. 1), the active metabolite of
leflunomide, has been described to result from the inhibi-
tion of dihydroorotate dehydrogenase (DHODH), a required
enzyme in the de novo biosynthesis of pyrimidines (Davis
et al., 1996). Consistent with a mode of immunosuppressive
action involving inhibition of de novo pyrimidine biosyn-
thesis, in some cases the effects of leflunomide have been
reversed in vitro by the addition of uridine (Williamson
et al., 1995; Chong et al., 1999), presumably supplying cells
with sufficient pyrimidines via salvage pathways. It has
also been proposed that leflunomide’s immunosuppressive
properties are due to its inhibition of protein tyrosine kinase
phosphorylation (Xu et al., 1995; Mattar et al., 1993).

Initial events in the HCMV replication cycle involve
signal transduction via phosphorylation of the epidermal
growth factor (EGF) receptor (Wang et al., 2003) and ac-
tivation of phosphatidylinositol 3-kinase (PI3-K) (Johnson
et al., 2001). Cellular kinases Akt and p70S6K were ac-
tivated in a PI3-K-dependent biphasic manner following

Fig. 1. The chemical structures of leflunomide (“Arava,” Aventis), A771726, and FK778 (Fujisawa Healthcare Inc.).

HCMV infection (Johnson et al., 2001). HCMV infection
also resulted in biphasic induction of the cellular tran-
scription factors NF-�B and Sp1 (Yurochko et al., 1995,
1997a,b). EGF phosphorylation and the first phase of PI3-K,
NF-�B, and Sp1 induction are consistent with virion recep-
tor/ligand mediated signaling event(s) in the absence of de
novo protein synthesis (Wang et al., 2003; Yurochko et al.,
1995, 1997a,b). The second phase of PI3-K, NF-�B, and
Sp1 induction required HCMV (and cellular) protein ex-
pression, and was detectable from approximately 4–12 hpi,
remaining elevated relative to mock-infected cells for the
remainder of infection (Yurochko et al., 1995, 1997a,b;
Johnson et al., 1999).

Since leflunomide demonstrated inhibition of tumor
necrosis factor (TNF)-stimulated NF-�B induction (Manna
et al., 2000), and blocked phosphorylation of the EGF re-
ceptor (Mattar et al., 1993), it might be expected to affect
the first, second, or both tiers of HCMV-mediated PI3-K
signaling and NF-�B activation. Similarly, deprivation of
cellular pyrimidine building blocks by leflunomide ought
to affect the replication of herpesvirus DNA. Surprisingly,
Waldman et al. (1999a,b)reported that leflunomide acted
late in the replication cycles of HCMV and HSV-1, without
affecting viral protein synthesis or viral DNA synthesis,
instead inhibiting cytoplasmic capsid formation (Knight
et al., 2001).

FK778 (Fig. 1) is an orally bioavailable synthetic
analog of A771726 currently being developed as an
immunosuppressive/anti-inflammatory therapeutic by Fuji-
sawa Healthcare Inc. (Jin et al., 2002). Our goals in this
study were to examine the possibility that FK778 might
possess antiviral activity against HCMV, and to deter-
mine the molecular basis of that viral inhibition. Previous
structure–activity relationship studies (Williamson et al.,
1995; Kuo et al., 1996) along with the structural similarity
between A771726 and FK778 (Fig. 1) might predict that
these compounds exhibit similar immunosuppressive and
antiviral activities. For example, the immunosuppressive
properties of HR325, a synthetic analog of A771726, were
reversible upon treatment with exogenous uridine (Thomson
et al., 2002). Also, antiviral activity against LP-BM5
virus-induced disease has been reported for a structurally
unrelated inhibitor of DHODH (Scott et al., 1993). Here
we report that FK778 is a potent and effective inhibitor
of HCMV, and that its mode of antiviral action appears to
mirror the biochemical mechanisms elsewhere described to
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be responsible for its immunosuppressive properties: inhi-
bition of protein tyrosine phosphorylation and inhibition of
cellular de novo pyrimidine synthesis.

2. Materials and methods

2.1. Antiviral compounds, reagents, and antibodies

FK778 (2-cyano-3-oxo-N-[4-(trifluoromethyl)phenyl]-6-
heptanoic acid amide; previously known as HMR 1715 and
MNA 715) was supplied by Fujisawa Healthcare Inc. (Os-
aka, Japan) and ganciclovir (9-[{1,3-dihydroxy-2-propoxy}
methyl]guanine; GCV) was purchased from the University
of North Carolina Chapel Hill Hospital pharmacy. Lefluno-
mide (5-methylisoxazole-4-[4-trifluoromethylcarboxanilide];
Arava) was purchased from Sigma (St. Louis, MO). Com-
pounds were prepared as 10–20 mg/mL stocks in dimethyl-
sulfoxide (DMSO) and stored at−20◦C. Cytogam (HCMV
hyper immune globulin) was obtained from MedImmune
(Gaithersburg, MD). Uridine was purchased from Sigma.

Primary monoclonal antibodies specific for HCMV IE1,
IE2, UL84, and UL94 proteins were prepared in our labora-
tories as described previously (He et al., 1992; Kowalik et al.,
1994;Wing et al., 1996). Antibody (Ab) to gB (13-127-100)
was purchased from Advanced Biotechnologies (Columbia,
MD). Ab to �-actin (CP01) and its corresponding horse
radish peroxidase (HRP)-conjugated secondary Ab were
purchased from Oncogene (San Diego, CA). Rabbit Ab
to EGF receptor was a gift of Dr. H. Shelton Earp III,
while mouse Ab to EGF receptor (SC528) was purchased
from Santa Cruz (Santa Cruz, CA). HRP-conjugated Ab to
phosphotyrosine (RC20H) was purchased from Transduc-
tion Laboratories (Lexington, KY). Ab to Akt (9272) and
p70S6K (9202), and Ab specific for Akt phosphorylated
at Ser 473 (9275) and p70S6K phosphorylated at Thr 389
(9205) were purchased from Cell Signaling (Beverly, MA).
HRP-conjugated Ab to mouse (A9044) and rabbit (A6154)
IgG were purchased from Sigma; secondary Ab to human
IgG (401455) was purchased from Calbiochem (La Jolla,
CA).

2.2. Cell culture and viral infection

Primary human embryonic lung fibroblasts (HEL 299)
were purchased from the American Tissue Culture Collec-
tion (Manassas, VA) and were cultured in minimum essential
media (MEM) supplemented with 10% fetal bovine serum
as described previously (Johnson et al., 2001). The Towne
strain of HCMV (passages 36–42) was propagated as de-
scribed previously (Huang et al., 1973). HCMV clinical iso-
lates Major and TW-087 were obtained from human prostate
and from the cervix of a pregnant woman, respectively, and
have been described (Huang et al., 1976). To investigate
the effect of FK778 on virus-induced signaling, cells were
grown to confluence, then serum starved for 48 h in MEM.

Cells were infected with HCMV at a multiplicity of infec-
tion (MOI) of 2–5 plaque-forming units (PFU)/cell that was
purified through a sucrose cushion to eliminate cytokines
and growth factor contamination.

2.3. Plaque and titer reduction assays

To determine the effects of FK778 upon viral pathology,
confluent HEL fibroblasts in 24-well plates were incubated
at 37◦C in an atmosphere of 6% CO2 for 1 h in the presence
or absence of various concentrations of FK778 in Dulbecco’s
modified Eagle medium (DMEM). Cells were then infected
with HCMV (Towne strain) at approximately 400 PFU per
well. Following a 1 h adsorption, the inoculant was removed,
and a 1% methylcellulose (methocell) overlay containing
DMEM with heat-inactivated 4% FBS in the presence or ab-
sence of various concentrations of FK778 was added. Seven
days post infection, cell monolayers were stained with crys-
tal violet, and plaques were scored by inverted light mi-
croscopy (Wentworth and French, 1970). Data are presented
as the percentage of plaques in the wells lacking drug (pos-
itive controls). In these experiments, some 170–200 plaques
were present in each positive control well.

To determine the effects of FK778 upon the release of
viral progeny from infected cells, pre-treatment and infection
of HEL fibroblasts in the presence and absence of FK778
(32�M) and GCV (70�M) were performed as described
above. Following virus adsorption, cultures were nourished
in medium lacking methocell. At six days post infection
the extracellular media was collected and serial dilutions
were used to inoculate HEL monolayers (Prichard et al.,
1990). One hour later, innoculum was removed, fresh media
containing 1% methocell and 6% FBS was added, and the
cultures were incubated and scored as described above for
plaque reduction assays. Since results were plotted on a log
scale, wells with zero plaques in the lowest dilution were
assigned a titer of 1 PFU/mL.

2.4. Cytotoxicity measurements

To quantify the cellular cytotoxicity of FK778 in static
monolayers of HEL cells, cultures were prepared under
the conditions described for plaque reduction assays, ex-
cept that virus innoculum and methocell were omitted.
Seventy-two hours post incubation with selected concentra-
tions of FK778, the media was removed and cell viability
was assessed with a tetrazolium colorimetric dye assay ac-
cording to the manufacturer’s instructions (Promega, Madi-
son, WI). At each concentration of FK778, the percentage
of absorbance at 470 nm was determined as compared to
control wells where an equivalent amount of DMSO had
been added. Data are presented as the mean± standard
deviation of experiments performed in triplicate.

To quantify the cellular cytotoxicity of FK778 in growing
monolayers of HEL cells, subconfluent cultures were pre-
pared in 24-well plates. Seventy-two hours post incubation
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with selected concentrations of FK778, the percent conflu-
ence of wells were evaluated by inverted light microscopy
and compared to control wells where an equivalent amount
of DMSO had been added. Data are represented as the mean
± standard deviation of experiments performed in triplicate.

2.5. Western blot analyses

HEL fibroblasts were grown to confluence, serum-starved
for 48 h, and infected with HCMV (Towne strain) at a
multiplicity of infection (MOI) of 5 pfu/cell. Cells were
either treated or untreated with 32�M FK778 1 h prior to
infection, and drug remained in the media until cells were
harvested at the indicated times by scraping monolayers in
2× Laemmli sodium dodecyl sulfate (SDS) sample buffer.
In some experiments, various concentrations of uridine were
also added to drug-treated and control cultures. Samples
were boiled, loaded onto 8% SDS-polyacrylamide gels,
and proteins were separated by polyacrylamide gel elec-
trophoresis (PAGE) then transferred to Immobilon-P transfer
membranes (Millipore, Bedford, MA). Blots were blocked
for 1 h in 5% (w/v) non-fat dry milk in phosphate-buffered
saline (PBS) with 0.1% Tween-20 (PBS-T). Blots were
probed with primary antibodies (1:1000 to 1:30,000 dilu-
tions) for 14 h at 4◦C. Blots were then washed with PBS-T
(4×50 mL×10 min) at room temperature then probed with
secondary horse radish peroxidase-conjugated antibodies,
washed and developed by enhanced chemiluminescence
(ECL), according to the manufacturer’s instructions (Amer-
sham Biosciences Corp., Piscataway, NJ).

2.6. Cell nuclear extract isolations

Extracts were prepared as described previously (Yurochko
et al., 1995, 1997a,b). Briefly, mock-infected and infected
HEL fibroblasts (with and without 10�g/mL FK778) were
collected by scraping cell monolayers in ice-cold PBS and
centrifuging. Cells were resuspended and incubated for
10 min on ice in 50�L of a cytoplasmic isolation buffer,
consisting of 10 mM HEPES (pH 7.6), 60 mM KCl, 1 mM
EDTA, 0.1% Nonidet P-40 (NP-40), 1 mM dithiothreitol
(DTT), and aliquots of protease inhibitor cocktail (Sigma).
Samples were centrifuged and the cytoplasmic supernatants
were removed. The nuclear pellets were washed with cyto-
plasmic extraction buffer (minus NP-40) and then incubated
for 10 min on ice in 25�L of a nuclear isolation buffer,
consisting of 20 mM Tris (pH 8.0), 420 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 25% v/v glycerol and aliquots of
protease inhibitor cocktail (Sigma). Samples were cen-
trifuged and the desired supernatant extracts were stored at
−70◦C.

2.7. Electrophoretic mobility shift assays (EMSA)

EMSA were performed as described previously (Yurochko
et al., 1997a,b; Yurochko and Huang, 1999). Briefly, equal

amounts of nuclear extracts (as determined by colorimet-
ric protein content assays, Bio-Rad; Hercules, CA) were
incubated for 10 min at room temperature (RT) in binding
buffer (10 mM Tris–HCl, 50 mM NaCl, 7.5 mM MgCl2,
0.5 mM EDTA, 10% v/v glycerol, 1 mM DTT) with 2�g
poly(dI-dC). 32P-labeled double-stranded deoxy oligonu-
cleotide probes were added, and incubated for 10 min at
RT. Samples were then electrophoresed on a 5% poly-
acrylamide gel, dried, and analyzed by autoradiography.
Probes were labeled by annealing complimentary deoxy
oligonucleotides and filling in overhanging ends with
[�-32P]dATP. A wild-type GC box (5′-CCTTTTTAAGGG-
GCGGGGCTT-3′) probe was used for the experiments
examining Sp1 activity, and a wild-type major histo-
compatibility complex NF-�B binding site (5′-CCTTTT-
TTTTTGGGGATTCCCCA-3′) probe was used for
experiments examining NF-�B activity.

2.8. EGF receptor and PI3-K immunoprecipitation

Ten centimeter dishes of HEL cells, treated and untreated
with 10�g/mL FK778 were harvested at various times post
infection as described above. Cytoplasmic extracts were
prepared from ice-cold PBS scraped cell monolayers by a
10 min incubation at 0◦C in 0.5 mL of immunoprecipita-
tion (i.p.) buffer containing 240 mM NaCl, 100 mM NaF,
200 mM Na-orthovanadate, 0.5% NP-40, 50 mM Tris, pH
8.0 with protease inhibitor cocktail (Sigma) in Eppendorf
tubes. Equivalent input protein content of samples was de-
termined by colorimetric assays (Bio-Rad). Samples were
incubated with 12�L mouse mAb to the EGF receptor (or
5�L rabbit pAb to PI3-K p85�) with rocking at 4◦C for 3 h,
then a 20�L of a suspension of protein G-sepharose beads
(Amersham) was added, and samples were incubated for an
additional 8 h at 4◦C with gentle agitation. Samples were
centrifuged, the supernatant was removed, and the pellets
were washed four times with 4◦C PBS. Beads were boiled
in 2× Laemmli buffer and the supernatant was loaded onto
polyacrylamide gels, electrophoresed, and transferred to ni-
trocellulose membranes. The same membrane was analyzed
first with an antibody specific for phosphotyrosine then with
an antibody specific for total EGF receptor (or PI3-K p85�)
by Western blot, as described above.

2.9. HCMV DNA synthesis quantification (dot blot)

Dot blots for the quantification of HCMV DNA synthe-
sis were performed similarly to that described previously
(Johnson et al., 1999). HEL cells were grown to confluence
in 24-well plates, serum-starved for 48 h, then infected with
HCMV Towne at 2–5 pfu/cell in the presence or absence
of 32�M FK778, 100�M leflunomide, and 50�M GCV.
At 72 h post infection, plates were harvested by removing
the cell culture medium and replacing it with 0.2 mL PBS
per well, then freezing at−70◦C. Plates were thawed and
0.4 mL per well denaturation buffer consisting of 1.5 M NaCl
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and 1 M NaOH was added. After 10 min, 0.4 mL neutraliza-
tion buffer consisting of 1 M NaCl and 1 M Tris–HCl pH 7.0
was added to wells. After 5 min samples were transferred to
an Immobilion-NC membrane (Millipore) with a minifold
apparatus (Schleicher & Schuell; Keene, NH) and immobi-
lized under vacuum by baking at 80◦C for 2 h. Non-specific
binding was blocked by incubation in 5× Denhardt’s 5×
SSC, 50% formamide, 1% SDS, with 100�g/mL salmon
sperm DNA at 42◦C for 3 h. The membrane was probed in
blocking buffer for 14 h at 42◦C with denatured Towne ge-
nomic DNA, that had been labeled with [�-32P]dATP (NEN;
Boston, MA) by nick translation according to kit instruc-
tions (Invitrogen; Carlsbad, CA). Following washes (twice
with 2× SSC+ 1% SDS; twice with 0.5× SSC+ 1% SDS;
once with 0.1× SSC+ 1% SDS; rinsed with 6× SSC), the
membrane was developed by autoradiography.

3. Results

3.1. Antiviral activity against HCMV and cellular
cytotoxicity of FK778

Initial evaluation of FK778 as a potential antiviral revealed
that this compound inhibited HCMV replication in plaque
reduction assays in a dose-dependent manner (Fig. 2). We
determined an antiviral IC50 of 1.97�M for FK778 against
the Towne strain (Fig. 2), nearly as potent as was positive
control compound GCV. Significantly higher concentrations

Fig. 2. Antiviral activity (plaque reduction assay) and cytotoxicity of FK778. Plaque reduction assays and cytotoxicity measurements were determined as
described inSection 2. Triangles represent FK778, while circles represent GCV (positive control). Solid lines indicate antiviral activity, while dashed lines
indicate cytotoxicity measurements. Data are represented as the mean± standard deviation of experiments performed in duplicate (GCV) or quadruplicate
(FK778).

Table 1
Antiviral activitya of FK778 against laboratory (Towne) and clinical
(Major and TW-087) HCMV isolates

HCMV isolate IC50
b (�M)

Towne 1.35–1.97c

Major 0.83–1.09c

TW-087 1.04–1.15c

a The antiviral activity of FK778 was determined by plaque reduction
assay as described inSection 2.

b IC50; drug concentration producing 50% inhibition of HCMV plaque
formation. Results are reported as the range of at least two independent
experiments, each performed in quadruplicate.

c In these experiments, GCV was employed as a positive control
and reproducibly resulted in approximately 90% inhibition at a fixed
concentration of 10�M.

of FK778 were necessary to produce cellular cytotoxicity
in both static and growing HEL cells (Fig. 2). Since there
are differences between clinical isolates and some labora-
tory/vaccine strains of HCMV (Prichard et al., 2001), we
measured the ability of FK778 to inhibit clinical isolates of
HCMV. The data presented inTable 1indicate that FK778
inhibited the replication of two clinical isolates at least as
potently as it inhibited the Towne strain.

FK778 potently inhibited HCMV plaque formation with
an in vitro selectivity index (cytotoxic IC50 divided by
antiviral IC50) of at least 100 (Fig. 2). In order to deter-
mine the antiviral mode of action for FK778, we chose a
drug concentration that potently inhibited viral replication
but did not appear to display gross cytotoxicity in cell
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culture. All subsequent experiments were performed at
32�M (10�g/mL) FK778.

3.2. Effects of FK778 on HCMV-mediated signal
transduction

We next examined the ability of FK778 to block
HCMV-induced tyrosine phosphorylation of the EGF re-
ceptor. Immunoprecipitation followed by Western blotting
demonstrated similar levels of total EGF receptor protein
levels in mock-infected cells as compared to virus-infected
cells (Fig. 3a). Consistent with previously reported results
(Wang et al., 2003), HCMV-induced EGF receptor tyro-
sine autophosphorylation was detected from 10 to 60 min
post infection. Hyperphosphorylated species of EGFR were
reproducibly absent upon treatment with FK778 at ten min-
utes post infection, but inhibition decreased over time, until
no inhibition was detected from 30 min to 1 hpi.

To determine the effect(s) of FK778 upon HCMV activa-
tion of PI3-K, we compared the phosphorylated (activated)
forms of PI3-K and downstream kinases Akt and p70S6K,
to total protein levels of each kinase, in the presence and
absence of drug, at various times post infection. Similar

Fig. 3. HCMV-specific EGF receptor phosphorylation and PI3-K activation in the presence and absence of 32�M FK778. (a) Immunoprecipitation of the
EGF receptor was followed by Western blots for phosphotyrosine and total EGF receptor. (b) The first and second phases of PI3-K activation by HCMV
were determined by Western blots of whole cell lysates for total and phosphorylated Akt (Ser 473) and p70S6K (Thr 389), total and phosphorylated
PI3-K p85 were determined by immunoprecipitation of p85, followed by Western blotting for phosphotyrosine and the p85 subunit of PI3-K. Control
�-actin levels indicated that similar levels of protein were loaded in each lane.

to results reported previously (Johnson et al., 2001), infec-
tion with HCMV had minimal effect on the total protein
levels of PI3-K, Akt, and p70S6K but increased in their
phosphorylation. FK778 partially inhibited the first phase
of HCMV-mediated PI3-K induction (Fig. 3b). Inhibition
of this phase of PI3-K signaling was not transient and con-
tinued to a greater or lesser extent through 80 min, the lat-
est time point examined. The second phase (12–48 hpi) of
HCMV-mediated PI3-K activation was more sensitive to
FK778 treatment, as reflected by the hypophosphorylated
forms of Akt, p70S6K, and p85 (Fig. 3b).

NF-�B and Sp1 activate the major IE gene promoter
(MIEP) of HCMV and are probably necessary for continu-
ation of the viral gene expression cascade (Cherrington and
Mocarski, 1989; Sambucetti et al., 1989). Consistent with
HCMV-mediated PI3-K signaling, analysis of the effects of
FK778 upon HCMV-induced signal transduction pathways
by EMSA revealed that this compound partially inhibited
the initial phase of NF-�B and Sp1 activation (Fig. 4). From
the IE phase of HCMV infection, the activities of NF-�B
and Sp1 were slightly inhibited by this compound. However,
from 12 to 48 hpi the HCMV-mediated activities of NF-�B
and Sp1 were reduced to background upon treatment with
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Fig. 4. Effects of FK778 upon both phases of HCMV-specific NF-�B and Sp1 induction as measured by EMSA: (a) NF-�B binding to an MHC class I
probe; (b) Sp1 binding to a GC box.

FK778 (Fig. 4). Thus, FK778 inhibited the first and second
tiers of HCMV-specific NF-�B and Sp1 induction in a man-
ner similar to its inhibition of the phosphorylation of PI3-K
p85, Akt, and p70S6K.

3.3. Effects of FK778 upon HCMV protein levels

In order to identify the stage(s) of HCMV replication that
were specifically inhibited by FK778, we measured its ef-
fects upon viral proteins at various times post infection by
Western blot analyses. FK778 demonstrated limited inhibi-
tion of IE1-72 levels (Fig. 5a). In contrast, the levels of the
second HCMV major immediate-early protein were dramat-
ically altered by FK778. Treatment of infected cells with
FK778 resulted in no inhibition of IE2-86 at 12 hpi. Levels
of IE2-86 in the presence of FK778 were decreased at 24 hpi
and reached undetectable levels at 48 and 72 hpi (Fig. 5a).
We reproduced the different effects of FK778 upon IE1-72
and IE2-86 with control compound GCV (Fig. 5b). The
levels of early late (UL84) (He et al., 1992) and true late
(UL94) (Wing et al., 1996) gene products were similarly
inhibited by treatment with FK778 (Fig. 5a), reduced to un-
detectable levels in the presence of drug at 48 and 72 hpi.
Noting that IE1-72 and gB were the only viral protein lev-
els measured to determine that leflunomide did not inhibit
HCMV protein synthesis (Waldman et al., 1999a), we also
measured the levels of gB, and performed a Western blot
using human hyperimmune globulin (Cytogam) to HCMV
as a primary antibody. Although there are numerous un-
defined HCMV-specific antigenic determinants in Cytogam
(Snydman, 2001), this experiment provided some measure

of confidence that the effects observed were representative
of HCMV protein expression in general. In contrast to the
results reported for the parent compound leflunomide, we
determined that not only are levels of gB reduced to back-
ground in the presence of FK778, but also that the levels
of all virus-specific antigenic proteins measurable with Cy-
togam were potently inhibited at 48 and 72 hpi, but not at
12 hpi. Thus treatment with FK778 resulted in reduced lev-
els of HCMV early and late proteins.

3.4. Effects of FK778 upon HCMV DNA and comparison
to leflunomide

While it was reported that leflunomide did not inhibit
HCMV protein synthesis or DNA replication (Waldman
et al., 1999a; Knight et al., 2001), the above results indi-
cated that FK778 probably caused a general block to the
synthesis of early and late viral proteins. By definition, late
genes in the lytic replication cycle of HCMV are those that
can only be expressed after the replication of viral DNA
(Huang, 1975a). This motivated us to examine the effects
of FK778 and leflunomide upon HCMV DNA replication.
Fig. 6 shows that HCMV-specific DNA was reduced in
a dose-dependent manner in infected cells treated with
FK778. Leflunomide reproducibly reduced HCMV DNA
levels but was not as potent an inhibitor as was FK778 or
positive control compound GCV.

Plates identical to those prepared for dot blots were ex-
amined at 96 h post infection for HCMV titer content. We
determined that leflunomide had an IC50 of 11±2�M and in-
hibited HCMV replication by at least 75% at concentrations
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Fig. 5. The effects of FK778 on HCMV proteins. (a) HCMV protein
levels at various time points in the presence and absence of 32�M FK778
were determined by Western blots. Control�-actin levels indicated that
similar levels of protein were loaded in each lane. (b) At 72 h post
infection, 70�M GCV, a control HCMV DNA polymerase inhibitor (Mar
et al., 1983, 1985), displayed the same pattern of inhibition of IE1-72
and IE2-86 as did FK778.

≥25�M (data not shown). Also, 200�M leflunomide dis-
played visible cytotoxicity against static HEL cells, while
concentrations less than or equal to 100�M did not (data
not shown).

3.5. Antiviral activity of FK778 was reversed by treatment
with uridine

Since HCMV DNA replication was blocked by FK778,
it seemed possible that its antiviral mechanism(s) might be
consistent with the previously described mode of immuno-
suppression described for leflunomide: deprivation of de

Fig. 6. Effects of FK778 and leflunomide upon HCMV DNA levels.
Bottom two rows: HCMV DNA levels in infected cells treated with
FK778 (32�M) or leflunomide (100�M) were determined by dot (South-
ern) blotting. Top three rows: controls are shown for uninfected cells,
HCMV-infected cells, and HCMV-infected cells treated with 50�M GCV.
Data are shown in triplicate.

novo biosynthesis of pyrimidines via inhibition of DHODH.
To test this hypothesis, we examined the ability of uridine to
reverse the antiviral activity of FK778 in a titer reduction as-
say. Here we employed high MOI conditions (2–5 PFU/cell)
with a fixed concentration of drug (no drug control, 32�M
FK778, 70�M GCV positive control) while varying concen-
trations of exogenous uridine (Fig. 7). The antiviral activity
of FK778 was reversed by uridine in a dose-dependent man-
ner, reproducibly decreasing the ability of this compound to
reduce HCMV titers by approximately 3–4 orders of mag-
nitude. A 100�M uridine treatment fully reversed the an-
tiviral activity of FK778. In contrast, GCV displayed similar
inhibition of HCMV at all concentrations of uridine tested.

4. Discussion

We have examined the possibility that FK778 might
possess antiviral activity against HCMV, and found that
FK778 possessed potent and selective activity against
HCMV. It was determined elsewhere that FK778 inhibited
mitogen-activated T cell proliferation in cell culture with an
IC50 of 102 mM (32�g/mL) in human whole blood samples
(Gregory et al., 1998). Safe and tolerated in vivo therapeutic
serum trough levels for FK778 in canines were reported to
range from 40 to 100�g/mL (Jin et al., 2002), some 30–100
times the in vitro IC50s we determined against HCMV.
Although our work in conjunction with these studies does
not present a direct comparison between immunosuppres-
sion and antiviral activity under identical conditions, it
seems reasonable to expect that patients treated with FK778
for immunosuppression may benefit from concomitant
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Fig. 7. Uridine reverses the antiviral activity of FK778. For each amount of added uridine, HCMV (Towne strain) titer production was determined in
the absence of drug (virus/negative control; filled bars), with 32�M FK778 (lined bars), and with 70�M GCV (positive control; open bars). Data are
presented as the mean± standard deviation of experiments performed in quadruplicate.

inhibition of HCMV replication. Similarly, FK778 was re-
cently shown to protect blood vessels in an animal model
of endothelial injury, suggesting additional promise for this
drug in the treatment of restenosis and chronic allograft
rejection (Savikko et al., 2003).

The second aim of this study was to determine how FK778
inhibited HCMV replication. FK778 exhibited transient inhi-
bition of HCMV-induced phosphorylation of the EGF recep-
tor, as well as inhibition of both phases of HCMV-mediated
PI3-K signaling and Sp1 and NF-�B activities. However, we
have not ruled out the induction of phosphatase(s) or other
less direct mechanisms for these results. It is possible that a
minor reduction in the first phase of HCMV-mediated sig-
nal transduction (Fig. 3a and b) could produce a large effect
upon subsequent HCMV replication. However, we suspect
that this is not the primary mode of action for FK778 against
HCMV for two reasons. First, our results (Figs. 6 and 7) in-
dicated dose-dependent and complete reversal of FK778’s
antiviral effects by treatment with uridine. We are unaware
of any reports describing uridine as a modulator of EGF re-
ceptor phosphorylation, PI3-K signaling, or Sp1 and NF-�B
expression or DNA binding. Second, Western blot analyses
indicated the expression of viral immediate-early proteins in
the presence of FK778, indicating that this compound most
likely did not prevent HCMV from entering cells.

Early in vitro studies on the biochemical basis for the im-
munosuppressive properties of leflunomide indicated that it
inhibited protein tyrosine kinases. However, such inhibition
required concentrations of 30–100�M A771726 (Mattar
et al., 1993; Xu et al., 1995). In contrast, IC50 values deter-
mined for the inhibition of purified DHODH by A771726
ranged from 10 to 30 nM (Williamson et al., 1995; Davis
et al., 1996). The differences in potency against the two tar-

gets caused some to conclude that the primary target was
DHODH. It is possible that using a fixed concentration of
FK778 greater than its antiviral IC50 in order to inhibit vi-
ral replication by nearly 100%, produced inhibition of early
HCMV-mediated signal transduction as a secondary artifact.
However, at the plasma concentrations of FK778 required
for immunosuppression, it is likely that the contribution(s)
of HCMV-mediated signal transduction to the pathogenicity
of HCMV infection will be at least attenuated.

Western blot analyses indicated a general block by FK778
to the synthesis of early and late viral proteins. The differ-
ences in inhibition of the major immediate early viral pro-
teins IE1-72 and IE2-86 might appear to preclude a similar
simplification regarding the general effect(s) of FK778 on
the synthesis of immediate early viral proteins. Although
IE1-72 and IE2-86 share the same promoter (reviewed in
Castillo and Kowalik, 2002), there are numerous differences
between these two proteins. For example, IE1-72 is an im-
mediate early gene, while IE2-86 is both an immediate early
and apparently also a true late gene (sensitive to GCV)
(Chambers et al., 1999). We also note that FK778’s alter-
ation of HCMV signal transduction may contribute to these
effects. An apparent requirement for NF-�B in the transac-
tivation of the major immediate-early promoter has been de-
scribed (Cherrington and Mocarski, 1989; Sambucetti et al.,
1989). IE1-72 is dispensable for HCMV replication under
high MOI conditions (Greaves and Mocarski, 1998) such
as those employed for the Western blots in this report. In
contrast, IE2-86 is apparently required for productive viral
infection (Marchini et al., 2001). While IE1-72 and IE2-86
are generally regarded as the canonical immediate early
HCMV proteins, their expression continues through the en-
tire viral replication cycle and the expression of IE2-86, but
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not IE1-72, increases as viral replication proceeds (Speir
et al., 1994). Considering that we determined a similar in-
hibitory pattern for IE1-72 and IE2-86 with GCV and FK778
(Fig. 5b), it is possible that poor inhibition of IE1-72 con-
current with strong inhibition of IE2-86 at 48–72 h post in-
fection resulted from the aftermath of a general block to the
synthesis of HCMV early/late proteins. Western blots mea-
sure protein amounts, but do not indicate whether changes
in amounts are due to altered protein synthesis or altered sta-
bility/degradation. It is thus also possible that an extended
intracellular half-life for IE1-72 is responsible for its appar-
ent lack of inhibition by FK778 and GCV.

The simplest explanation for the uridine reversal of in-
hibition of HCMV by FK778 is that uridine shifts the
supply of pyrimidine building blocks for cellular and viral
DNA and RNA from the de novo to the salvage pathways.
If this is the case, then it follows that the replication of
HCMV is more sensitive (approximately 100-fold) to de
novo pyrimidine biosynthesis deprivation than are its pre-
sumably quiescent host cells. Qualitative support for this
hypothesis is provided by a report that HCMV replication
proceeds with an approximately 15–30-fold increase in
cellular nucleotide pools as compared to uninfected cells
(Biron et al., 1986). This evidence leads us to hypothe-
size that the primary molecular target for FK778 may be
DHODH and that the major antiviral effects of FK778 may
be mediated through depriving cells of pyrimidines. Fur-
ther studies will be required to validate or invalidate this
hypothesis. The same evidence (uridine reversal) does not
detract from the alternative hypothesis that FK778 might
directly inhibit the salvage pathway of pyrimidine biosyn-
thesis. It is also possible that employment of alternate con-
ditions could shift the inhibition of HCMV-induced signal
transduction to a different extent (higher level). We did not
attempt to compete out FK778 with the addition of excess
substrate for DHODH because related malononitriloamide
inhibitors did not compete with substrate for catalysis
(Williamson et al., 1995). It might be useful to determine
whether or not a panel of genuinely specific structurally
distinct small molecule inhibitors of DHODH possesses
similar selective antiviral activity against HCMV and other
herpesviruses.

This is not the first report where the basis of a compound’s
antiviral activity has been traced to the apparent inhibition
of a cellular enzyme or a cellular pathway. Inhibitors of cel-
lular cyclin-dependent kinases were active against HSV-1
(Schang et al., 1998) and HCMV (Bresnahan et al., 1997).
Therapeutic compounds active against cellular cyclooxyge-
nase 2 inhibited the replication of HCMV (Speir et al., 1998).
Inhibition of cellular p38 mitogen-activated protein kinase
demonstrated selective inhibition of HCMV (Johnson et al.,
1999). Casein kinase II has been proposed to mediate the
antiviral affects of certain inhibitors of HIV-1 replication
(Critchfield et al., 1997). However, pivotal proof of a gen-
uinely selective cellular antiviral target has yet to be demon-
strated.

Given their structural similarities, it was surprising that
our determination of the mode of antiviral action of FK778
was different than that determined by others (Waldman
et al., 1999a,b; Knight et al., 2001) for the parent compound
leflunomide/A771726. Structural similarity is no guarantee
of identical biochemical mechanism of action. For ex-
ample, radically different modes of antiviral action were
shown for two structurally similar aryl thiourea compounds.
WAY-150138 inhibited HSV DNA cleavage and matura-
tion (van Zeijl et al., 2000), while CF102 inhibited HCMV
fusion/entry (Jones et al., 2004). Regardless, we propose
three possible explanations for the differences between the
data presented in this study and the antiviral mechanism
described for A771726 against HCMV and HSV (Waldman
et al., 1999a,b; Knight et al., 2001). First, our examina-
tion of FK778 was against the Towne strain of HCMV
in HEL cells. In contrast, they studied A771726 against
the P8 and VHL/E strains of HCMV in human foreskin
fibroblasts and in human umbilical vein endothelial cells,
respectively (Waldman et al., 1999a). Second, FK778 (IC50
1–2�M) and leflunomide (IC50 11�M) were more potent
inhibitors in our assays than was described for A771726
(IC50 40–60�M) (Waldman et al., 1999a). They studied
the effects of a drug concentration that was∼2 times the
IC50 of A771726, while we studied the effects of a drug
concentration that was∼20 times the IC50 of FK778 and
∼9 times the IC50 of leflunomide, upon HCMV replication.
Some antiviral effects may not have been apparent when
evaluated against the weaker drug pressure they employed.
In support of this explanation, one study reported two an-
tiviral mechanisms of action for leflunomide against HIV.
Drug concentration alone determined whether or not the ef-
fects of leflunomide against HIV were reversible by uridine
(Schlapfer et al., 2003). Third, though less likely, it remains
possible that our cursory evaluation of leflunomide failed to
reflect the antiviral biology of its metabolite, A771726. We
did not assume or attempt to measure rapid nonenzymatic
conversion of leflunomide to A771726 in cell culture media
at 37◦C. We conclude that there exists some uncertainty as
to the “true” antiviral mode of action against HCMV for
FK778 and leflunomide/A771726. However, it is certain
that this study agrees with the potential positive impact of
this class of immunosuppressives upon what might other-
wise have been an invitation for opportunistic infections
(Waldman et al., 1999b).
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