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Mycophenolate mofetil (MMF) has been approved as an immunosuppressive agent in kidney transplant
recipients and may thus be used concomitantly with antiherpetic agents, which are used for the treatment of
intercurrent herpesvirus infections. We have recently demonstrated that MMF and its parent compound
mycophenolic acid (MPA), which is a potent inhibitor of IMP dehydrogenase, potentiate the antiherpesvirus
activity of acyclovir, ganciclovir, and penciclovir. We have now evaluated the antiviral efficacy of the combination of MPA and the novel antiherpesvirus agent H2G [(R)-9-[4-hydroxy-2-(hydroxymethyl)butyl]guanine].
When combined with H2G, MPA (at concentrations ranging from 0.25 to 10 mg/ml, which are readily attainable
in human plasma) markedly potentiated the antiviral efficacy of H2G against herpes simplex virus type 1
(HSV-1) and type 2 (HSV-2), as reflected by a 10- to 150-fold decrease in the 50% effective concentration.
Moreover, the activity of H2G against a thymidine kinase-deficient strain of HSV-1 (TK2 HSV-1) was
increased more than 2,500-fold when combined with MPA. MPA by itself had little or no effect on the
replication of these viruses. Similar observations were made for varicella-zoster virus. Also, ribavirin (another
inhibitor of IMP dehydrogenase) caused a marked enhancement of the activity of H2G against HSV-1 (10-fold),
HSV-2 (10-fold), and TK2 HSV-1 (>185-fold). Exogenously added guanosine reversed the potentiating effects
of MPA on the antiviral activity of H2G, indicating that this potentiating effect resulted from a depletion of the
endogenous dGTP pools, thus favoring the inhibitory action of the H2G triphosphate on the viral DNA
polymerase.

substrate in the polymerization reaction (16). The compound
has recently entered phase I/II clinical trials for the treatment
of herpesvirus infections, in particular with VZV infections.
We recently showed that the antiherpesvirus activity of acyclovir (ACV), penciclovir (PCV), and ganciclovir (GCV),
which, like H2G, are acyclic guanosine nucleoside analogs, is
markedly stimulated by MPA and its oral prodrug MMF (18).
MMF and MPA are themselves virtually inactive against herpesviruses (with the exception of human cytomegalovirus
[CMV], which is slightly inhibited by MPA). ACV, PCV, and
GCV, like H2G, are specifically phosphorylated by virus-encoded kinases (HSV-1-, HSV-2-, and VZV-encoded thymidine
kinase for all four compounds and, in addition, CMV-encoded
UL97 kinase for GCV) to their monophosphate forms and,
further on, by cellular kinases to the triphosphate form (11).
The triphosphates are specific and strong inhibitors of the viral
DNA polymerases. We have demonstrated that a depletion of
the dGTP pools brought about by MPA is responsible for the
potentiating effect of MPA on the antiherpesvirus activity of
ACV, PCV, and GCV (18).
Similarly, ribavirin has been shown to potentiate the antiHIV activity of 2939-dideoxyinosine and other purine nucleoside analogs with anti-HIV activity (7, 8, 13, 14). The increased
IMP pools in the ribavirin-treated cells were found to result in
an increased phosphorylation of 29,39-dideoxyinosine by 59nucleotidase, an enzyme that uses IMP as the phosphate donor
(9). We have demonstrated that this mechanism does not hold
for ACV and GCV (18), although these molecules have been
shown to act as a substrate for 59-nucleotidase (15).
In the present study, we assessed whether MPA also poten-

Mycophenolate mofetil (MMF), the morpholinoethyl ester
of mycophenolic acid (MPA) is an immunosuppressant that
is currently used in kidney transplant recipients. After oral
administration, MMF is hydrolyzed to MPA, the active immunosuppressive agent, which is a potent inhibitor of IMP
dehydrogenase. IMP dehydrogenase is responsible for the conversion of IMP through XMP to GMP. Since IMP represents
an important intermediate in the generation of nucleotides
containing guanine as the base, MPA will cause depletion of
the intracellular guanine nucleotide pools (Fig. 1). The immunosuppressive effect of MPA has been ascribed to this depletion of the dGTP pools (13, 19, 21, 23, 25).
H2G ([(R)-9-[4-hydroxy-2-(hydroxymethyl)butyl]guanine] is
an acyclic purine nucleoside analog with activity against herpesviruses, including herpes simplex virus types 1 (HSV-1) and
2 (HSV-2), Epstein-Barr virus, human herpesviruses 6
(HHV-6) and 8 (HHV-8), and particularly varicella-zoster
virus (VZV) (1–4, 16, 17, 24). H2G is converted to its monophosphate form by the HSV-1-, HSV-2-, or VZV-encoded thymidine kinase and is then further phosphorylated to its triphosphate form (H2G-TP), which selectively inhibits the viral DNA
polymerase. H2G-TP inhibits HSV-1, HSV-2, and VZV DNA
polymerases competitively with dGTP (at Kis of 2.8, 2.2, and
0.3 mM, respectively), but it does not serve as an alternative
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tiates the antiherpesvirus activity of H2G. Since this compound
is currently under clinical study for the therapy of herpesvirus
infections, in the future it may well be used concomitantly with
the immunosuppressant MMF in those transplant recipients
that develop opportunistic herpesvirus infections as a result of
the immunosuppressive action of MMF.
Human embryonic lung (HEL) cells and Vero cells were
propagated in minimal essential medium (MEM) supplemented with 10% fetal calf serum, L-glutamine, and bicarbonate. Human CMV (strain Davis) and VZV (strains OKA, 07-1,
and YS-R) were obtained from the American Type Culture
Collection. The origin of HSV-1 (strain KOS) and HSV-2
(strain G) and thymidine kinase-deficient (TK2) HSV-1
(B2006) have been described before (12). Biochemical evidence that the B2006, 07-1, and YS-R strains are TK deficient
was obtained from phosphorylation studies with radiolabelled
ACV. Levels of the triphosphate form of ACV (ACV-TP) in
Vero cells infected with the HSV-1 TK2 strain (B2006) were
2.7% of the levels in cells infected with the wild-type virus. The
levels of ACV-TP in HEL cells infected with the YS-R and
07-1 strains were #3.6% (detection limit) of the levels in cells
infected with the wild-type virus.
H2G was kindly provided by A. Molla (Abbott Laboratories,
Abbott Park, Ill.), MPA and guanosine were from Sigma (St.
Louis, Mo.), and ribavirin was from ICN (Costa Mesa, Calif.).
[8-3H]ACV (specific activity, 15 Ci/mmol) was from Moravek
Biochemicals (Brea, Calif.). Confluent cultures of Vero cells
grown in microtiter trays were inoculated with 100 times the
50% cell culture infective dose of the different HSV strains,
whereas confluent cultures of HEL cells were inoculated with
100 PFU of CMV or 20 PFU of VZV. Compounds, either
alone or in combination, were added after a 2-h virus adsorption period. Virus-induced cytopathic effect (CPE) was recorded microscopically at 2 to 3 days postinfection (p.i.) for the
HSV strains and at 7 days p.i. for CMV. VZV-induced plaque
formation was evaluated at 5 days p.i. The 50% effective concentrations (EC50s) were derived from graphical plots.
Cytostatic effects were monitored in Vero cells (in MEM
containing 20% fetal calf serum) that were seeded at a density
of 4,000 cells/well in 96-well plates and were allowed to attach

to the plastic for 24 h. Thereafter, serial dilutions of the test
compounds (in MEM containing 2% fetal calf serum), either
alone or in combination, were added. The cells were further
incubated for 3 days at 37°C, at which time they were
trypsinized and counted with a Coulter Counter.
To determine the effect of MPA on intracellular GTP pools,
1-day-old confluent cultures of Vero cells were incubated with
different concentrations of MPA for 48 h. After two washes in
phosphate-buffered saline, the cells were collected by trypsinization and nucleotides were extracted in 70% ice-cold methanol.
Quantification of nucleotide pools was done by high-performance liquid chromatography analysis using a Partisil-sphere
radial-compression column (Pharmacia, St. Albans, Hertsfordshire, United Kingdom) as described previously (5). To quantify the levels of ACV-TP generated in cells that had been
infected with the different HSV or VZV strains, radiolabeled
ACV was added for 24 h at the time that the CPE was '60%.
Samples were analyzed by high-performance liquid chromatography, and radioactivity in the different fractions was determined by means of liquid scintillation counting.
H2G potently inhibited the replication of HSV-1 and HSV-2
but had, as expected, little or no effect on the replication of the
TK2 HSV-1 strain (Table 1). At the concentrations used (10,
2.5, 1, and 0.25 mg/ml), MPA had virtually no inhibitory effect
on the CPE progression in the HSV-1-, HSV-2-, and TK2
HSV-1-infected cultures. However, when H2G was combined
with MPA, a pronounced enhancement of the antiviral activity
of H2G was noted. In fact, the EC50 of H2G for inhibition of
HSV-1 and HSV-2 replication decreased 100- to 150-fold. Of
special interest is our observation that H2G, when combined
with MPA, efficiently inhibited the replication of the TK2
strain of HSV-1. In this case, the increase in antiviral activity
was over 2,500-fold. Thus, the EC50 of H2G for inhibition of
replication of the TK2 HSV-1 strain dropped from values that
are not attainable in plasma (.100 mg/ml) to values that could
be easily reached (0.04 to 0.8 mg/ml). This pronounced potentiating effect can be explained only by the formation of small
amounts of phosphorylated products of H2G in cells infected
with the TK2 virus. This is most likely accomplished by the
residual activity of the defective viral TK, or, alternatively, by
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FIG. 1. Proposed mechanism by which MPA and ribavirin potentiate the antiherpesvirus activity of H2G. For further information on (i) the phosphorylation of
H2G, see reference 14; (ii) the inhibition of viral DNA polymerases by H2G-TP, see references 2 and 14; (iii) the phosphorylation of ribavirin, see reference 26; and
(iv) the inhibition of IMP dehydrogenase by MPA and ribavirin monophosphate, see references 19, 23, and 26. MP, monophosphate; DP, diphosphate; TP,
triphosphate; Ado, adenosine.
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TABLE 1. Antiherpesvirus activity of the combination H2G plus MPA
EC50 (mg/ml)a of H2G
Virus (strain)

HSV-1 (KOS)
HSV-2 (G)
TK2 HSV-1 (B2006)
VZV (OKA)
VZV (YS)
TK2 VZV (07-1)
TK2 VZV (YS-R)

In combination with MPA at indicated concn

Alone

10 mg/ml

5.3 6 3.4
11.3 6 2.9
.100
0.0043 6 0.004
0.01 6 0.007
4.6 6 3.7
11.7 6 11.7

0.06 6 0.05
0.07 6 0.02
0.04 6 0.03
0.0053 6 0.0049
0.0068 6 0.008
0.08 6 0.07
0.35 6 0.3

2.5 mg/ml

0.16 6 0.18
0.24 6 0.22
0.08 6 0.01
0.0007 6 0.0006
0.0014 6 0.0012
0.31 6 0.26
0.19 6 0.13

1.0 mg/ml

0.25 mg/ml

0.24 6 0.17
0.3 6 0.17
0.25 6 0.21
0.0008 6 0.0006
0.0008 6 0.0005
0.33 6 0.26
0.29 6 0.28

0.35 6 0.33
1.6 6 0.8
0.8 6 0.17
0.0006 6 0.0003
0.0007 6 0.0004
1.0 6 1.3
2.8 6 3.5

cellular TK, or by both. Similar to our findings with HSV, MPA
also had a pronounced potentiating effect on the anti-VZV
activity of H2G (Table 1). H2G was about 1,000-fold less
effective against the TK2 strains of VZV (07-1 and YS-R) than
against the wild-type strains (OKA and YS). However, when
combined with MPA, again at concentrations attainable in
plasma, these TK2 strains became up to 60-fold more sensitive
to H2G.
The potentiating effects of MPA on the antiviral activity of
H2G against HSV-1, HSV-2, and TK2 HSV-1 were efficiently
reversed upon addition of guanosine to the culture medium
(Table 2). Under the conditions used, MPA also markedly
depleted the GTP pools in these cells. Levels of GTP (percent)
were 22 6 4, 37 6 0.7, 32 6 9, and 45 6 6 (mean 6 standard
deviation) in confluent Vero cell cultures that had been incubated for 48 h with, respectively, 10, 2.5, 1, and 0.25 mg of
MMF per ml in comparison to the levels of GTP in untreated
control cultures. Our findings thus indicate that the observed
potentiating effect of MPA on the antiviral activity of H2G, as
shown previously for ACV, PCV, and GCV, must be explained
by a depletion of the guanine nucleotide pools, resulting in a
decreased competition of dGTP with H2G-TP in the viral
DNA polymerization reaction.
In contrast to ACV, GCV, and PCV (18), H2G did not gain
a synergistic increase in its already weak anti-CMV activity
when combined with MMF (data not shown). This may indicate that (i) virtually no phosphorylated metabolites of H2G
are formed in the CMV-infected cells and/or that (ii) H2G-TP
is a (very) poor inhibitor of the CMV-encoded DNA polymerase. MMF had by itself some inhibitory effect on CMV replication (EC50, '2.5 mg/ml). The anti-CMV activity of azathio-

TABLE 2. Effect of exogenously added guanosine on the
potentiating effect of MPA on the anti-HSV-1 activity of H2G
a

EC50 (mg/ml) of H2G
Culture

Alone

In combination with MPA at indicated
concn
10 mgyml

2.5 mg/ml

prine, another immunosuppressive agent, has been described
before (22).
To confirm the observations made for MPA, we also studied
the antiherpesvirus activity of the combination of H2G and
ribavirin. Ribavirin is a broad-spectrum antiviral agent that has
virtually no activity against herpesviruses (20). In its monophosphate form, ribavirin, like MPA, acts as a potent inhibitor
of IMP dehydrogenase and thus also causes depletion of the
intracellular guanine nucleotide pools (Fig. 1). Similarly to
MPA, ribavirin also markedly potentiates the activity of H2G
against HSV-1 (10-fold), HSV-2 (10-fold), and TK2 HSV-1
(185-fold), although ribavirin did so less efficiently than MPA
(Table 3). Ribavirin alone had no activity against the viruses
studied. The reason for ribavirin not being as efficient as MPA
in potentiating the antiviral activity of H2G can be explained
by the fact that ribavirin monophosphate is a less potent inhibitor of IMP dehydrogenase than is MPA (6).
Finally, we wanted to determine whether the combination of
H2G and MPA or H2G and ribavirin increased the cytostatic
action of H2G. As can be derived from Fig. 2, H2G alone had
only a limited cytostatic effect (i.e., a 30 to 40% reduction of
Vero cell growth at 50 mg/ml). Addition of MPA or ribavirin at
concentrations around their 50% cytostatic concentration for
Vero cell growth resulted in an additive, rather than a synergistic, inhibition of cell growth. Similarly, we also observed no
potentiation of the cytostatic action of GCV when it was combined with MPA (18). Although we did not observe any stimulation in the cytostatic action of H2G when combined with
MPA, we suggest that patients receiving MMF be carefully
monitored for a potential increase in the side effects of H2G.
In conclusion, MPA strongly enhances the anti-HSV and
anti-VZV activities of the novel purine nucleoside analog

TABLE 3. Antiherpesvirus activity of the combination H2G
plus ribavirin
EC50 (mg/ml)a of H2G
Virus
(strain)

1.0 mg/ml 0.25 mg/ml

Alone

100 mg/ml

50 mg/ml

25 mg/ml

10 mg/ml

Without
8.360.14 0.06 6 0.05 0.26 6 0.33 0.28 6 0.3 0.45 6 0.5
guanosine

HSV-1
(KOS)

a
The EC50 for inhibition of HSV-1-induced CPE by guanosine was .100
mg/ml and .25 mg/ml for MPA. Data are mean values 6 standard deviations for
three separate experiments.

a
Concentration required to reduce virus-induced CPE in Vero cells by 50%.
The EC50 for ribavirin alone was .100 mg/ml. Data are mean values 6 standard
deviations for three to five separate experiments.

With
guanosine
(25 mg/ml)

4.9 6 2.6

5.3 6 2.6

6.3 6 3.6

6.5 6 4.8

HSV-2 (G)
TK2 HSV-1
(B2006)

3.3 6 3.5

In combination with ribavirin at indicated concn

13 6 8.4
.100

0.3 6 0.3 0.55 6 0.60 1.5 6 1.6 1.9 6 2.1
1.2 6 0.8
1.3 6 0.6
0.54 6 0.39 0.75 6 0.1

2.6 6 1.0 5.4 6 2.5
7.1 6 8.5 13 6 13
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a
Concentration required to reduce virus-induced CPE by 50%. The EC50 for inhibition of HSV- or VZV-induced CPE by MPA was .10 mg/ml. Data are mean
values 6 standard deviations for three to eight separate determinations.
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FIG. 2. Effect of MPA (A) and ribavirin (B) on the cytostatic action of H2G
on Vero cells. Data are mean values for at least two separate experiments.
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