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The immunosuppressive agent mycophenolate mofetil (MMF) has been approved for use in kidney trans-
plant recipients and may thus be used concomitantly for the treatment of intercurrent herpesvirus infections
with drugs such as acyclovir (ACV), ganciclovir (GCV), and penciclovir (PCV). We found that MMF and its
parent compound mycophenolic acid (at concentrations that are attainable in plasma) strongly potentiate the
antiherpesvirus (herpes simplex virus [HSV] type 1 [HSV-1], HSV-2, thymidine kinase-deficient [TK™]
HSV-1, both wild-type and TK™ varicella-zoster virus, and human cytomegalovirus) activities of ACV, PCV,
and GCV (up to 350-fold increases in their activities). The mechanism of potentiation was found to reside in
the depletion of endogenous dGTP pools, which favored the inhibitory effect of the triphosphate of ACV, GCV,
or PCV on the viral DNA polymerase. The combination of topically applied 5% MMF with 0.1% ACYV strongly
protected against HSV-1-induced cutaneous lesions in hairless mice, whereas therapy with either compound
used singly had no protective effect. Interestingly, the combination of topically applied 5% MMF with 5% ACV
was also highly effective in protecting against TK™ HSV-2-induced cutaneous lesions (that were refractory to
ACV treatment) in athymic nude mice. Topical therapy with MMF was very well tolerated, and no signs of
irritation were observed. When given perorally at 200 mg/kg of body weight/day, MMF potentiated to some
extent the growth retardation induced by GCV in young NMRI mice. These observations may have clinical
implications (i) for those transplant recipients who receive both MMF and either ACV, GCV, or PCV and (ii)

for the treatment of ACV-resistant mucocutaneous HSV infections.

Mycophenolate mofetil (MMF), the morpholinoethyl ester
of mycophenolic acid (MPA), is currently used as an im-
munosuppressant in kidney transplant recipients. After oral
administration, MMF is hydrolyzed to MPA, the active immu-
nosuppressive agent, which is a potent inhibitor of IMP dehy-
drogenase. Inhibition of this enzyme results in a depletion of
the intracellular GTP and dGTP pools (19, 23). Acyclovir (ACV),
ganciclovir (GCV), and penciclovir (PCV) are three acyclic
purine nucleoside analogs with potent activities against differ-
ent herpesviruses including herpes simplex virus (HSV) type 1
(HSV-1) and type 2 (HSV-2) and varicella-zoster virus (VZV).
GCV is active against human cytomegalovirus (HCMV). These
compounds are specifically phosphorylated to their mono-
phosphate forms by virus-encoded kinases (HSV-1, HSV-2, or
VZV-encoded thymidine kinase [TK] or the HCMV-encoded
ULY7 protein kinase with GCV-phosphorylating capacity) and
are then further phosphorylated by cellular kinases to the
triphosphate metabolites (8). These triphosphorylated metab-
olites may be expected to achieve a better inhibition of the viral
DNA polymerase if the levels of the competing substrate
dGTP are reduced. We reasoned that a depletion of the dGTP
pools brought about by MPA may enhance the antiviral activ-
ities of these antiherpesvirus molecules. In addition, ACV and
GCYV can be phosphorylated by 5'-nucleotidase for which IMP
is the phosphate donor (14, 15). Increased IMP pools may thus
result in a more efficient phosphorylation of ACV or GCV by
this enzyme.

Several important interactions with drugs and immunosup-
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pressive agents have been reported (17). The effect of antiher-
pesvirus therapy has also been studied in animals that are
immunosuppressed with cyclosporin A (10, 11) or other im-
munosuppressive agents. However, the interaction between
MMF and ACV, GCV, or PCV has never been the subject of
a study. We have now demonstrated that MPA and MMF
markedly potentiate the antiherpesvirus activity of ACV,
GCV, and PCV against wild-type and TK-deficient (TK ™) her-
pesvirus strains both in vitro and in animal models. This ob-
servation may have clinical implications because (i) transplant
recipients under MMF therapy may show a better response to
antiherpetic treatment for intercurrent herpesvirus infections,
and (ii) topical use of the combination ACV plus MMF may
have potential for the treatment of mucocutaneous infections
with TK™ HSV strains. Moreover, from a toxicological view-
point it may be of interest to monitor the toxicity of GCV in
patients under MMF treatment since the latter has the poten-
tial to increase the side effects of GCV.

MATERIALS AND METHODS

Cells and viruses. HCMYV (strain Davis) and VZV (strains OKA and YS-R)
were obtained from the American Type Culture Collection. The origins of
HSV-1 KOS, and HSV-2 G, and TK™ HSV-1 B2006s have been described before
(9). TK™ HSV-2 (HS-44) is a plaque-purified TK™ strain isolated from a patient
refractory to ACV treatment (21). Human embryonic lung (HEL) cells and Vero
cells were propagated in minimal essential medium (MEM) supplemented with
10% fetal calf serum (FCS), L-glutamine, and bicarbonate. The human T-cell line
CEM was propagated in RPMI medium supplemented with 10% FCS, r-glu-
tamine, and bicarbonate.

Compounds. MPA was purchased from Sigma (St. Louis, Mo.). ACV was from
Glaxo Wellcome, GCV was from Sarva-Syntex, and PCV was from Smith Kline
Beecham. MMF was provided by Roche (Palo Alto, Calif.).

Antiviral and cell growth assays. HEL or Vero cells were grown to confluency
in microtiter trays and were inoculated with one of the different HSV strains at
100 times the 50% cell culture infective dose. Confluent cultures of HEL cells
were inoculated with 100 PFU of HCMYV or 20 PFU of VZV. Compounds, either
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TABLE 1. Effect of MPA on the antiherpesvirus activity of GCV, ACV, or PCV in Vero and HEL cells

ECsg (ng/ml)*

Virus, cell Antiviral
: agent With MPA at  With MPA at  With MPA at  With MPA at
ACVaalone — PCV alone 10 pg/ml 2.5 pg/ml 1.0 pg/ml 0.25 pg/ml
HSV-1, Vero Gev 0014 +0.005 0017 =0.003  0.028 = 0.008
ACV 532 + 2.60 0072 0012 0.100=0.022  0.137 * 0.002
PCV 6.67+222  0.45+036 0.50 = 0.33 0.60 + 0.27 3.89 +3.18
HSV-1, HEL GCV  0.0061 *+ 0.0020 0.0005 + 0.0004 0.0018 + 0.0013  0.0012 = 0.0008 0.0035 % 0.0025
ACV 0.067 + 0.017 0.0135 + 0.0085 0.0125 + 0.0025 0.0150 = 0.007  0.0275 * 0.0055
PCV 014+ 008 00075 = 0.0005 00053 = 0.017  0.007 +0.000  0.048 + 0.022
HSV-2, Vero GCV 0.047 +0.037 0053 +0.046  0.045+0035  0.14 = 0.11
ACV 2.6 +2.0 0.031 +0.0017 0038 =0.030  012+0037  0.19+0.14
PCV 53+ 18 0.14 = 0.07 0.67 = 0.17 129 + 0.87 29+0.8
HSV-2, HEL GCV <0.0001 =0.0001 0.0008 + 0.0003 0.0064 + 0.0057
ACV 0.050 + 0.018 0.003 +0.001  0.003=0.001  0.007+0.003  0.015 * 0.008
PCV 0400+ 0.111  0.009 = 0.003  0.030 +0.032  0.029 +0.029  0.174 = 0.028
TK~ HSV-1, Vero  GCV 0.25 = 0.24 0.37 = 033 0.61 = 039 1.97 + 0.26
ACV 56.50 = 6.5 0.15 + 0.14 0.27 + 0.22 0.30 + 0.20 129 + 048
PCV >100 151 = 1.41 2.61 +2.39 3.79 + 3.8 6.00 % 4.00

“ Data are mean values for at least three separate experiments. The ECs, of MPA alone is >10 pg/ml.

alone or in combination, were added after a 2-h virus adsorption period. The
virus-induced cytopathic effect (CPE) was recorded microscopically at 2 to 3 days
postinfection for HSV and 7 days postinfection for HCMV. VZV-induced
plaque formation was evaluated at 5 days postinfection. The 50% effective con-
centrations were derived from graphical plots.

Inhibition of cell growth was evaluated by counting the cell cultures with a
Coulter Counter. Briefly, Vero cells were seeded in microtiter trays at a density
of 4,000 cells/well in MEM containing 20% FCS and were allowed to adhere to
the plastic, after which different concentrations of the drugs in MEM containing
2% FCS were added. The cells were allowed to proliferate for 3 days, after which
the percent inhibition of cell growth was determined. Inhibition of the growth of
CEM cells was assessed in a similar fashion, except that 50,000 cells were added
per well.

Analysis of drug combination effect. The inhibitory effects of the drugs com-
bined on the HCMV-induced CPE were examined with checkerboard combina-
tions of various concentrations of the test compounds. The drug combination
effect was analyzed by the isobologram method as described previously (1). In
this analysis, the EC5, was used to calculate the fractional inhibitory concentra-
tion (FIC). When the minimum FIC index, which corresponds to the FICs of the
compounds combined (e.g., FICy + FIC)), is equal to 1.0, the combination is
assumed to act in an additive fashion; when it is between 1.0 and 0.5, the combina-
tion should act subsynergistically, and when it is <0.5, it acts synergistically.

Virus yield assay. Confluent cultures of Vero cells were infected with an input
of HSV-1, HSV-2, or TK™ HSV that caused 100% CPE at 3 days postinfection
and were treated (or left untreated) with MPA or MMF. Cultures were harvested
and frozen at 3 days postinfection. Upon freezing-thawing, cell debris was re-
moved by centrifugation and serial dilutions were inoculated onto confluent
Vero cell cultures. Virus titers were determined 2 to 3 days later.

Cell metabolism studies. Confluent cultures of Vero cells grown in 25-cm?
culture flasks were either infected with HSV-1 or mock infected. After 1 day
(when the CPE had reached about 40%) [8-*H]ACV (specific activity, 15 Ci/
mmol) or [8-*H]GCV (specific activity, 18 Ci/mmol) was added at 5 or 1 pCi/4
ml, respectively. At 48 h postinfection, cultures were washed three times with
cold phosphate-buffered saline and trypsinized. After centrifugation, the cell
pellets were extracted with 70% ice-cold methanol and were left on ice for 10
min. After centrifugation at 10,000 rpm (Minifuge T; Hereaus), the supernatants
were filtered and the metabolites were quantitated by high-pressure liquid chro-
matography analysis with a Partisil-sphere radial compression column (Pharma-
cia). Alternatively, intracellular nucleotide pools were determined in cells that
had not been radiolabelled.

Intracutaneous HSV-1 or TK™ HSV-2 infections in mice. Hairless mice were
inoculated intracutaneously at the lumbrosacral area (by scratching the skin with
a scarifier) with HSV-1 KOS at 10* PFU per 0.05 ml per mouse. The mice were
then treated for 5 days, starting at 2 h after the infection. Test compounds were
applied topically twice a day at the indicated concentrations in dimethyl sulfoxide
in a volume of 0.05 ml over an area of 1.5 cm?. Mice were monitored daily for the
development of herpetic skin lesions and mortality.

Athymic nude (nu/nu) mice (Charles River Breeding, Sulzfeld, Germany) were
infected in a similar fashion with TK™ HSV-2 at 10* PFU/0.05 ml. Test com-

pounds were applied topically, twice daily starting 2 h after infection for 23
consecutive days or in a second type of experiment for three periods of 5
consecutive days (with a 2-day break after each period). Lesions were scored
daily (blind) on a scale of from 0 to 4 with increments of 0.5.

In vivo toxicity of the combination MMF plus GCV. NMRI mice (weight, 13 g)
were treated for 11 consecutive days with 200 mg of GCV (subcutaneous injec-
tion of a 200-wl volume in phosphate-buffered saline), per kg of body weight per
day, 200 mg of MMF (0.5-ml gavage in a solution containing 0.9% benzyl alcohol,
0.4% polysorbate 80, 0.9% sodium chloride, and 0.5% sodium carboxymethyl
cellulose) per kg per day, or the combination of 200 mg of GCV per kg per day
(administered subcutaneously) and 200 mg of MMF per kg per day (adminis-
tered orally). Body weight was measured daily.

RESULTS

In vitro potentiation of the anti-HSV, anti-VZV, and anti-
HCMV activity of ACV, GCV, or PCV by MPA or MMF. The
effect of the combination of MPA with either ACV, GCV, or
PCV was studied in Vero and HEL cells. Depending on the
cell line used, marked differences in the antiviral activities of
the molecules were observed; i.e., the ECys were lower when
the antiviral action was assayed in HEL cells than in Vero cells.
Cell line-dependent variations in the antiviral activity of anti-
herpetic molecules has been reported previously (6). When
MPA was used at concentrations of 0.25 to 10 wg/ml, which by
themselves had little or no effect on the replication of HSV-1
and HSV-2 in HEL and Vero cells, MPA markedly increased
the antiherpesvirus activities of ACV, GCV, and PCV (Table
1). For example, the ECs, of GCV for the inhibition of the
HSV-1-induced CPE in Vero cells dropped when GCV was
combined with MPA (at 1.0 pg/ml), from 1.0 to 0.028 pg/ml
(30-fold). Similarly, and depending on the concentration of
MPA used, the ECs5ys of ACV and PCV decreased by 20- to
100-fold following combination with MPA. A comparable or
even a more pronounced enhancement of the antiviral potency
was noted when ACV, GCV, or PCV was combined with MMF
(Table 2). The combination ACV, GCV, or PCV with either
MPA or MMF also had a marked synergistic effect on the
replication of TK™ HSV-1 (Tables 1 and 2). This was partic-
ularly striking for the combination of PCV with MMF or MPA;
under these conditions, the ECs, of PCV fell from =100 pg/ml
to 1 to 5 pg/ml and the EC, of ACV dropped from 30 to 50
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TABLE 2. Effect of MMF on the antiherpesvirus activity of GCV, ACV, or PCV in Vero cells

ECsy (ng/ml)*

. Antiviral
Virus ] - - - -
agent With MMF at ~ With MMF at ~ With MMF at ~ With MMF at ~ With MMF at
GCV alone ACV alone PCV alone 50 pg/ml 25 pg/ml 10 pg/ml 2.5 pg/ml 1.0 pg/ml
HSV-1 GCV 0.53 = 0.11 0.021 = 0.011  0.014 £0.004 0.016 = 0.006  0.019 = 0.009  0.022 = 0.000
ACV 2.45 =219 0.030 = 0.020  0.030 £ 0.020  0.030 = 0.020  0.056 = 0.006  0.117 = 0.033
PCV 6.2+ 1.54 0.20 = 0.07 0.24 = 0.06 0.25 = 0.07 0.37 +0.17 0.26 = 0.11
HSV-2 GCV 0.51 = 0.38 0.002 = 0.001  0.006 = 0.003  0.010 = 0.000  0.010 = 0.002  0.076 = 0.005
ACV 1.30 £0.71 0.010 = 0.000  0.033 £0.016  0.055 = 0.026  0.085 = 0.015  0.201 = 0.011
PCV 5.62*+1.55 0.008 =0.001 0.038 £0.053 0.040 = 0.016  0.160 = 0.010 1.18 £ 0.52
TK™ HSV-1 GCV 10.64 = 3.73 0.46 = 0.24 0.46 + 0.24 0.43 = 0.26 0.66 + 0.33 0.79 = 0.00
ACV 32.49 = 4.74 0.13 = 0.03 0.30 = 0.20 0.36 = 0.13 0.50 = 0.00 0.75 £0.25
PCV =100 14 x0.7 1.8 £0.8 21*+14 35+ 1.6 49+ 1.1

“ Data are mean values for at least three separate experiments. The ECs, of MMF alone is >50 wg/ml.

pg/ml to well below 1 pg/ml. Also, MPA markedly potentiated
the antiviral effects of ACV and GCV against both wild-type
and TK™ VZV strains (Table 3).

Although MPA and MMF had by themselves little or no
effect on the development of a HSV-1-, HSV-2-, or TK™ HSV-
1-induced CPE, we determined the effects of these compounds
on the yield of progeny virus. Both MPA and MMF caused a
2- to 10-fold reduction in virus yield when the compounds were
added (at a concentration of 1 to 10 pg/ml [MPA] or 1 to 50
pg/ml [MMF]) to HSV-1-, HSV-2-, or TK™ HSV-1-infected
Vero cell cultures (data not shown).

Interestingly, MPA and MMF as such exhibited some anti-
HCMYV activity (ECsgs, ~10 pg/ml). Furthermore, MPA and
MMF with GCV, ACV, and PCV proved to have clearly syn-
ergistic activity against HCMV. The anti-HCMV activities of
combinations of MMF with GCV, ACV, and PCV are depicted
in Fig. 1. A marked synergistic activity was observed: the min-
imum FIC indices were 0.29, 0.29, and 0.17 for the combina-
tions ACV and MMF, GCV and MMF, and PCV and MMF,
respectively. For example, at an MMF concentration of 2.5
wg/ml (which alone had little or no effect on HCMV replica-
tion), the EC5, of ACV for the inhibition of HCMV replication
decreased from 50 to 1 pg/ml and the ECs, of PCV decreased
from >50 to 0.5 pg/ml.

Effect of the combination ACV or GCV and MPA on the
growth of CEM cells. We evaluated the cytostatic action of the
combination GCV with MPA on the growth of CEM cells.
CEM cells were chosen because they are more susceptible
than, for example, Vero cells to the cytostatic action of MPA.
Under the conditions used no marked potentiation of the cy-
tostatic effect of GCV by MPA was observed (Fig. 2).

Metabolism of ACV and GCV in HSV-1-infected Vero cells
in the absence or presence of MPA. Since (i) ACV and GCV
can be phosphorylated by cytoplasmic 5'-nucleotidase and (ii)

IMP serves as the phosphate donor in this reaction, the ex-
panded IMP pool in MPA-treated cells may facilitate the phos-
phorylation of ACV and GCV. We therefore studied the phos-
phorylation of ACV and GCV in HSV-1-infected Vero cells
that were either incubated or not incubated with MPA at 10
wg/ml (Table 4). No increase in the phosphorylation of either
ACV or GCV was observed in the MPA-treated cultures. Our
findings indicate that the increased activities of combinations
of ACV or GCV with MPA did not result from a higher
velocity of the 5'-nucleotidase-catalyzed phosphorylation of
ACV or GCV.

Depletion of dGTP pools. The effect of MPA treatment on
the intracellular nucleotide pools of either mock- or HSV-1-
infected cells was studied. MPA (at 50 wg/ml) resulted in an
85% reduction in GTP pools in HSV-1-infected Vero cells
(data not shown). The addition of exogenous guanosine re-
versed the potentiating effect of MPA on the anti-HSV-1 ac-
tivities of ACV, PCV, and GCV (Table 5).

MMTF potentiates the anti-HSV-1 and anti-TK™ HSV-2 ac-
tivity of ACV in intracutaneously infected mice. Hairless mice
were inoculated intracutaneously on the back with HSV-1
KOS (Table 6). The animals were treated two times daily for a
period of 5 consecutive days, starting 2 h after infection, with
either placebo (dimethyl sulfoxide), a 0.1% ACV ointment (a
concentration that does not cause protection), a 5% MMF
ointment, or the combination of 0.1% ACV plus 5% MMF
ointment. There was no effect on overall survival in the group
receiving 0.1% ACV and the group receiving 5% MMF, al-
though some minor delay in the mean day of death was ob-
served. Those animals that received the combined treatment
were almost completely protected against infection and the
associated mortality. Also in this group, no signs of toxicity of
MMF or local irritation from treatment with MMF were ob-
served, and the infected area healed fast (Fig. 3).

TABLE 3. Effect of MPA on the anti-VZV (wild-type and TK™ strains) activities of ACV and GCV

ECso (pg/ml)*

Virus strain Antiviral

agent GCV alone ACV alone With MPA at 10 pg/ml With MPA at 2.5 pg/ml With MPA at 1.0 pg/ml
OKA (TK") GCV 0.86 = 0.89 0.09 = 0.09 0.11 = 0.12 0.11 = 0.12

ACV 0.45 = 0.07 0.06 + 0.04 0.05 = 0.03 0.08 = 0.02
YS-R (TK") GCV 27 + 31 1.5+ 1.1 1.6 = 1.0 14+ 14

ACV 27 + 20 0.8+ 0.6 1.5+07 0.55 = 0.07

¢ Data are mean values for two separate experiments. The ECs, of MPA alone is >10 pg/ml.
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FIG. 1. Synergistic anti-HCMV activity of MMF with GCV, ACV, or PCV.
Data are mean values for two to three separate experiments.

The combination ACV plus MMF protects against a cuta-
neous ACV-refractory HSV-2 infection in nude mice. Athymic
nu/nu mice were infected intracutaneously with TK™ HSV-2
(Fig. 4). Animals received either placebo ointment, a 5% ACV
ointment, a 5% MMEF ointment, a 5% ACV plus 5% MMF
ointment starting 2 h after infection twice daily for 23 consec-
utive days. Neither the 5% MMF ointment nor the 5% ACV
ointment affected the appearance of the lesions (mean days of
lesion appearance [MDLAs], 7.0 = 0.0 [5% MMF], 6.8 = 0.4
[5% ACV], and 6.6 = 0.5 [placebo]) or the severity of the
lesions (mean lesion scores [MLSs], 2.3 [5% MMF], 1.9 [5%
ACV], and 2.2 [placebo]). However, in mice that were treated
with the 5% ACV ointment plus 5% MMF ointment, lesions
appeared significantly later compared to the time of appear-
ance of lesions in mice treated with placebo (MDLA, 10.6 *
2.8 [P < 0.05]) and remained very small (MLS, 0.25; P <1 X
1077 for the difference in MLS between mice treated with
ACYV plus MMF versus mice treated with placebo alone and

Cell growth (% of control)

Conc
MPA
(ug/mi)

Concentration GCV (ug/ml)

FIG. 2. Effect of the combination GCV plus MPA on the growth of CEM
cells.
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TABLE 4. Effect of MPA on the phosphorylation of ACV
or GCV in HSV-1-infected Vero cells

Amt of metabolite (pmol/10° cells)

Amt of

MPA ACV.MP GCV-MP ACV-DP GCV-DP ACV-TP GCV-TP
None 0.16 0.08 0.25 0.08 1.09 03
10 pg/ml  0.12 0.08 0.18 0.07 0.87 02

“ Data from a representative experiment are shown. MP, monophosphate; DP,
diphosphate; TP, triphosphate.

P < 5.0 X 10~ for the difference in MLS between mice treated
with ACV plus MMF versus mice treated with ACV alone). In
a second experiment (data not shown), the infected mice (10
per condition) were treated for three periods of 5 consecutive
days (with a 2-day weekend break after the first two treatment
periods). Also under this condition, neither the 5% MMF
ointment nor the 5% ACV ointment had an effect on the onset
of the appearance of the lesions (MDLAs, 5.5 = 0.8 [5%
MMF] and 6.3 * 1.9 [5% ACV] compared to the control
[MDLA, 5.8 £ 1.7]) or the severity of the lesions (MLSs, 2.4
[5% MMEF], 2.2 [5% ACV], and 2.7 [placebo]). In mice treated
with the 5% ACV ointment plus 5% MMEF ointment, lesions
appeared significantly later (MDLA, 10 £ 2.6 [P < 0.005]) and
were much smaller than those in the three other groups (MLS,
1.1 [P < 1077 compared to the placebo group]).

Effect of combined systemic treatment with GCV and MMF.
To study whether MMF can potentiate the in vivo toxicity of
GCV, NMRI mice (weight, 13 g) were treated for 11 consec-
utive days with both GCV (given subcutaneously) at 200 mg/
kg/day and MMF (given perorally) at 200 mg/kg/day (Fig. 5).
MMF potentiated to some extent the inhibitory effect of GCV
on the growth of these animals. However, after treatment was
stopped, growth rapidly resumed (data not shown).

DISCUSSION

We have found that the immunosuppressive agent MPA and
its oral prodrug MMF markedly enhance the activities of ACV,
GCV, and PCV against HSV-1, HSV-2, TK™, HSV, and VZV,
while by themselves MPA and MMF do not substantially in-
hibit these viruses. Interestingly, MMF by itself has some in-
hibitory effect on the replication of HCMV. Again, when com-
bined with GCV, ACV, or PCV, it strongly potentiates the
activities of these compounds against HCMV. Of special in-
terest is that the ECyys of the antiviral agents (especially ACV
and PCV) for inhibition of replication of a TK™ HSV-1 strain
or HCMV (which can be considered a TK™ virus) dropped
from concentrations that are not attainable in plasma (>100

TABLE 5. Effect of exogenously added guanosine on the
potentiating effect of MPA on the anti-HSV-1 activity
of ACV, GCV, or PCV in Vero cells

ECso (ng/ml)*

Anti-

. With MPA at
viral GCV ACV PCV  With MPAat 1.0 pg/ml +
agent alone alone alone 1.0 pg/ml guanosine at

25 pg/ml
GCV 049 =0.19 0.015 = 0.007  0.64 = 0.07
ACV 4.15 = 4.0 0.09 = 0.06 1202
PCV 29+03 01400 3.15+ 0.6

“The ECsgs for inhibition of HSV-1-induced CPE by MPA and guanosine
were >25 pg/ml and >100 pg/ml, respectively.
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FIG. 3. HSV-1-induced skin lesions in hairless mice treated topically with
placebo (VC), 5% MMF, 0.1% ACV, or the combination 0.1% ACV plus 5%
MMEF.

pg/ml for PCV and 30 to 50 pg/ml for ACV) to concentrations
that can easily be reached in the plasma. For example, when
combined with MPA, the ECs, of ACV for inhibition of
HCMYV dropped to values well below 1 pg/ml. The concentra-
tions required for MPA to potentiate the antiviral activities of
ACV, GCV, and PCV are not more than 1 wg/ml, that is,
concentrations that can easily be reached in human plasma
upon oral dosing with 1.5 to 3 g of MMF (7).

From a biochemical viewpoint the potentiating effect of
MPA may result from two mechanisms. First, MPA might
enhance the intracellular phosphorylation of ACV and GCV.
Both ACV and GCV can be phosphorylated to the corre-
sponding monophosphates by 5'-nucleotidase (15), for which
IMP is an efficient phosphate donor. The relatively poor affin-
ity of IMP for the enzyme (K,,,, 3 mM) would make the enzyme
undersaturated under normal conditions, but because IMP
pools may be expected to rise in MPA-treated cells, the en-
zyme may become progressively saturated, thus acquiring a
higher velocity. However, we did not observe any substantial
increase in the phosphorylation of ACV or GCV in MPA-

TABLE 6. Effect of topical treatment with ACV (0.1%) or
MMF (5%), or both, on intracutaneous HSV-1
lesions and mortality in hairless mice

No. of mice Mortality
Treatment MDLA® MDD  with lesions/total (- Of dead
0. of mice mlce/toFal no.
of mice)
Control 52*+04 74*07 9/9 9/9
5% MMF 6.6 £2.0° 9.7+ 2.6 9/9¢ 9/9¢
0.1% ACV 55+05 88+ 157 8/9¢ 8/9¢
5% MMF + 7.0 14 1/9¢ 1/9¢
0.1% ACV

“ Data are mean values for two independent experiments with a total of nine
mice for each experimental condition.

? MDD, mean day of death.

¢ Not significant.

4P <0.05.

¢P < 0.001.
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FIG. 4. Effect of the combination MMF plus ACV on the development of
skin lesions in athymic nude mice infected intracutaneously with TK™ HSV-2.
Animals were treated topically twice a day (starting 2 h after infection) for 23
consecutive days with placebo (X) (n = 5), 5% ACV (A) (n = 5), 5% MMF (O)
(n = 5), and 5% MMF plus 5% ACV (©) (n = 5).

treated HSV-1-infected cultures. Thus, an increase in 5'-nu-
cleotidase-catalyzed phosphorylation of ACV or GCV may not
be the mechanism by which MPA potentiates the antiviral
activities of these antiviral agents. Ribavirin has been shown to
potentiate the anti-HIV activity of 2’,3'-dideoxyinosine (ddI)
and other purine 2’,3’-dideoxynucleosides (3, 5, 14). This po-
tentiating effect has mainly been ascribed to the increased
phosphorylation of ddI by 5'-nucleotidase in ribavirin-treated
cells (4, 13).

Second, ACV, GCV, and PCV act, after their intracellular
conversion to their triphosphates, as alternative substrate in-
hibitors of the viral DNA polymerase and compete with the
natural substrate dGTP. Therefore, depletion of the endoge-
nous dGTP pools may favor the inhibitory effects of the acyclic
nucleoside triphosphates on the enzyme. Indeed, we found
that in the HSV-1-infected cells, MPA causes a substantial
decrease in the intracellular pools of GTP. Furthermore, we
demonstrated that the potentiating effect of MPA on the an-
tiviral activities of ACV, GCV, and PCV was reversed upon
the addition of guanosine. Therefore, the synergistic action
observed between MPA and the acyclic nucleoside analogs
must be due to a depletion of the intracellular pools of the
guanosine nucleotides. Potentiation of the antiviral activity of
ACV, GCV, or PCV against TK™ herpesviruses implies that at
least traces of the monophosphates of ACV, GCV, and PCV
(and, thus, also traces of their respective triphosphates) are
formed in cells infected with these viruses. In cells with normal
levels of intracellular dGTP the traces of the triphosphates of
ACV, GCV, and PCV that are generated may not be suffi-
ciently high to result in antiviral activity. However, in cells in

220
200 /
o0 Pt
160 /

140 |

120 1

Body weight (% of day 0)

100

o 1 2 3 4 5 6 7 8 9 10 M
Day
FIG. 5. Effect of treatment with GCV (200 mg/kg/day; subcutaneously) (A),
MMEF (200 mg/kg/day; perorally) (CJ), the combination MMF plus GCV (each at

200 mg/kg/day) (O), or carrier only () on the growth of young NMRI mice
during treatment for 11 consecutive days.
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which the intracellular dGTP pools are depleted (by MPA),
the levels of the triphosphate forms of these drugs may be
sufficient to result in inhibition of the viral DNA polymerase
activity. Phosphorylation of trace amounts of ACV, GCV, and
PCV may be accomplished by (i) the residual activity of the
viral TK encoded by ACV-resistant strains (22), (ii) cellular
thymidine kinase(s), and/or (iii) 5'-nucleotidase (although the
last possibility can virtually be ruled out).

The observations that we made in vitro also held in vivo in
mice with HSV infections. Topical treatment with the combi-
nation 5% MMEF plus 0.1% ACV proved to be highly protec-
tive against intracutaneous HSV-1 infections in hairless mice,
whereas treatment with 5% MMF or 0.1% ACV (a subactive
concentration) alone caused virtually no protective effect. Of
special interest is our observation that the combined use of
MMF (5%) and ACV (5%) is highly effective in protecting
against a cutaneous infection with a TK™ clinical HSV-2 strain
that proved to be refractory to therapy with a 5% ACV oint-
ment. Foscarnet is the drug of choice for the treatment of
ACV-resistant HSV or VZV strains (2). However, resistance
to foscarnet associated with a lack of clinical response has also
been reported. Topical cidofovir can also be recommended for
the treatment of ACV-resistant cutaneous or muco-cutaneous
HSV-1 or HSV-2 infections (2, 20). The data from the present
study suggest that a cream of ACV containing MMF may
possibly serve as an alternative for the topical treatment of
ACV-refractory cutaneous or mucocutaneous HSV or VZV
lesions, although patients should also receive systemic antiviral
therapy to prevent dissemination of the infection. Topical use
of MMF may be expected to be well tolerated since we ob-
served no signs of irritation or toxicity when the 5% MMF gel
was applied to the scarified mouse skin (even after 23 days of
treatment).

Transplant recipients under MMF treatment, compared to
those receiving azathioprine, have a slightly increased risk of
acquiring HCMV viremia (12), most likely because of the pro-
found immunosuppressive action of MMF. However, treat-
ment with the combination MMF and GCV is likely to cause a
more pronounced inhibitory effect on the replication of the
virus than if GCV is used alone. Use of MMF may thus be a
double-edged sword. On the one hand, it may precipitate
the reactivation of opportunistic herpesviruses (in particular,
HCMYV) in transplant recipients. On the other hand, once the
patient receives GCV therapy for this infection, the synergistic
action between the two compounds could possibly compensate
for the increased risk of HCMYV reactivation. Although we did
not observe any stimulation of the cytostatic effect of GCV on
growing T lymphocytes (CEM cells) by MPA, MMF potenti-
ated to some extent the growth retardation induced by GCV in
young mice. Therefore, we suggest that the potentially in-
creased adverse effects of GCV in patients receiving MMF for
immunosuppression and GCV for the treatment of HCMV
infections be carefully monitored.

Also, prophylactic use of ACV for the prevention of HCMV
infections in transplant patients has received considerable at-
tention (16, 18, 24). Since MMF potentiates in vitro the anti-
HCMYV activity of ACV, it would be of interest to assess
whether MMF also enhances the anti-HCMYV activity of ACV
in this cohort.

In conclusion, MMF is a potent enhancer of the antiherpes-
virus activity of the acyclic purine nucleoside analogs ACV,
GCV, and PCV. This potentiating effect has been demon-
strated in vitro for HSV-1, HSV-2, TK™ HSV-1, VZV, and
HCMV infections and in vivo for HSV-1 and TK™ HSV-2
infections. It would be of interest to evaluate the combined use
of MMF and the acyclic nucleoside analogs as therapy and/or
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prophylaxis for herpesvirus (i.e., HSV, HCMV, and VZV)
infections following organ transplantation and to monitor care-
fully a possible increase in the adverse effects of the antiviral
agents, particularly GCV. Furthermore, topical therapy with
ACV and MMF combined could serve as an alternative for the
treatment of ACV-resistant cutaneous and mucocutaneous
HSV lesions.
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