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Abstract

The in vitro antiviral activity of a new series of cycloSal-pro-nucleotides derived from the acyclic nucleoside
analogues aciclovir and penciclovir against herpes simplex virus type 1 (HSV-1), thymidine kinase deficient (TK−)
HSV-1, and Epstein–Barr virus (EBV) was evaluated. Using the XTT-based tetrazolium reduction assay EZ4U, the
cycloSal derivatives were examined for their antiviral and cytotoxic effects in HSV-1 as well as HSV-1-TK−-infected
Vero cells. The anti-EBV activity was assessed by means of an EBV DNA hybridization assay using a digoxigenin-la-
beled probe specific for the Bam H1-W-fragment of the EBV genome and by measuring viral capsid antigen (VCA)
expression in P3HR-1 cells by indirect immunofluorescence. Among the new cycloSal-phosphotriesters the three
aciclovir monophosphates proved to be potent and selective inhibitors of HSV-1 replication, EBV DNA synthesis and
EB-VCA expression. Of interest is the retention of activity of the aciclovir monophosphates in HSV-1-TK−-infected
cells. Particularly 3-methyl-cycloSal-aciclovir monophosphate retained the same effectiveness, as compared to the wild
type virus strain. In contrast to the aciclovir pro-nucleotides the penciclovir cycloSal-phosphotriesters exhibited at
best only a marginal antiviral effect on HSV and EBV replication. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Diseases caused by herpesviruses play an im-
portant role in viral infections of humans. Espe-
cially the incidence of infections by herpes simplex
virus (HSV) is high throughout the world. Clinical
manifestations of diseases with HSV range from
mucosal ulcerations with HSV-1 (herpes labialis)
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to ulcerating vesicular lesions with HSV-2 (herpes
genitalis). More rarely, HSV infections can result
in keratoconjunctivitis, eczema herpeticatum, her-
pes encephalitis, generalized disseminated diseases
in neonates and immunosuppressed patients
(Rawls, 1973).

Aciclovir has been the ‘gold standard’ for the
therapy and suppression of HSV infections for
more then 16 years (Wagstaff et al., 1994). In
contrast to former antiviral drugs such as vidara-
bine (Pavan-Langston, 1977) or iododeoxyuridine
(Francois, 1963), aciclovir was the prototype of
the first generation of selective antiviral agents
(Elion et al., 1977). It is selectively phosphory-
lated in virus-infected cells to its triphosphate,
which inhibits viral DNA polymerase. Now, one
has entered already the second generation of an-
tiviral drugs for herpesvirus infections (for a re-
view, see Alrabiah and Sacks, 1996). Members of
this generation are penciclovir, famciclovir, valaci-
clovir, brivudin and cidofovir. They appear par-
ticularly promising for the treatment of
herpesvirus infections for instance because of high
antiviral potency (i.e. brivudin against varicella-
zoster virus), prolonged intracellular half-life of
the triphosphate (penciclovir), increased oral
bioavailability, as compared to the parent com-
pound (i.e. famciclovir, valaciclovir) or long-last-
ing and broad-spectrum antiviral activity (i.e.
cidofovir) (De Clercq, 1995).

Another emerging area of concern are Epstein–
Barr virus (EBV) infections and the role they play
particularly in post-transplant lymphoprolifera-
tive disorders. EBV is the causative agent of infec-
tious mononucleosis, and is also associated with
the development of several human malignancies
(for review, see Anagnostopoulos and Hummel,
1996). Tumours classically linked with EBV are
Burkitt’s lymphoma (Burkitt, 1958; Epstein et al.,
1964) and nasopharyngeal carcinoma (zur Hausen
et al., 1970). More recently, an association of
EBV and B-cell lymphomas in immunosuppressed
including AIDS patients (Shibata et al., 1993),
certain rare T-cell lymphomas (Su et al., 1991;
Meijer et al., 1996) and lymphoproliferative syn-
dromes (Savage and Waxman, 1997; Cao et al.,
1998), cases of Hodgkin’s lymphomas (Niedo-
bitek, 1996; Glaser et al., 1997) and gastric car-

cinomas (Leoncini et al., 1993; Osato and Imai,
1996) were reported. EBV has also been linked to
other diseases such as chronic mononucleosis
(Okano et al., 1991) as well as oral hairy leuko-
plakia in patients with AIDS (Brandwein et al.,
1996). Despite of an observed regression of oral
hairy leukoplakia in AIDS patients after aciclovir/
desciclovir treatment (Greenspan et al., 1990) un-
til now there has been no clear evidence for
clinical benefit of aciclovir treatment in EBV-asso-
ciated lymphoproliferative disorders (Pagano et
al., 1983; Andersson et al., 1986; Van der Horst et
al., 1991).

As mentioned above, intracellular conversion of
the nucleoside analogues into their mono-, di- or
triphosphate forms is necessary after cell penetra-
tion to act as inhibitors of viral enzymes or to
lead to DNA chain termination. Due to altered or
deficient enzymes necessary for phosphorylation
to the monophosphate as well as structural differ-
ences with the natural nucleosides, this metabo-
lization is often inefficient, and, thus, the
therapeutic activity can be limited. One attempt to
improve the therapeutic potential is the use of
neutral lipophilic prodrugs of their monophos-
phates (Meier et al., 1997; Meier, 1998). This
so-called cycloSaligenyl-nucleotide concept was
designed to release the nucleotides selectively by
controlled, chemically induced hydrolysis involv-
ing a successive coupled cleavage of the phenyl-
and benzylester of the cycloSal-phosphotriester
(tandem reaction). Using this concept a new series
of pro-nucleotide derivatives of the acyclic nu-
cleoside analogues aciclovir and penciclovir was
synthesized by Meier et al. (1998). The present
study was aimed at evaluating the in vitro sensi-
tivity of these novel derivatives against HSV and
EBV.

2. Material and methods

2.1. Chemicals

The synthesis of new pro-nucleotides on the
basis of cycloSal-phosphotriesters of the acyclic
nucleoside analogue aciclovir (ACV) and penci-
clovir (PCV) was described in detail by Meier et
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al. (1998). The following compounds were used in
the present study (Fig. 1): 3-methyl-cycloSal-aci-
clovir monophosphate (3-methyl-cycloSal-
ACVMP), 5-methyl-cycloSal-aciclovir monophos-
phate (5-methyl-cycloSal-ACVMP), the unsubsti-
tuted cycloSal-aciclovir monophosphate (5-H-cy-
cloSal-ACVMP), 3-methyl-cycloSal-penciclovir
monophosphate (3-methyl-cycloSal-PCVMP), 3-
methyl-cycloSal-O-acetyl-penciclovir monophos-
phate (3-methyl-cycloSal-O-acetyl-PCVMP), and
the unsubstituted cycloSal-penciclovir monophos-
phate (5-H-cycloSal-PCVMP). ACV, PCV, and
Cidofovir (HPMPC) served as reference com-
pounds.

2.2. Detection of anti-HSV-1 acti6ity

2.2.1. Cells and 6irus strains
Vero cells were cultivated in MEM with L-glu-

tamine supplemented with 10% heat-inactivated
FBS and antibiotics. HSV-1 strain Kupka isolated
by Benda in 1962 from a patient with herpes
labialis (Benda et al., 1972) was propagated in
these cells. The TK-negative strain HSV-1/TK-

(reference number B2006) was obtained from E.
De Clercq, Leuven, Belgium, and was originally
described by Dubbs and Kit (1964). It was propa-
gated in rabbit testis primary cells. All experi-
ments concerning antiviral activity and
cytotoxicity were carried out in Vero cells.

2.2.2. Anti6iral screening assay
Antiviral screening was performed in 96-well

flat-bottomed microtiter plates by means of an
XTT-based tetrazolium reduction assay (EZ4U,
Biomedica GmbH, Vienna, Austria). The method
described by Klöcking et al. (1995) allows to
determine both the inhibition of viral cytopatho-
genicity and substance-induced cytotoxic effects at
the same time. Briefly, 120 h after infection of the
cells with 105 TCID50/ml of HSV-1 and addition
of test substances, the EZ4U test was carried out.
Optical density (OD) was measured at 492 and
620 nm (reference wave length) in a microplate
reader (Ceres 900C, Bio-Tek, Winooski VT). Per-
centages of antiviral and cytotoxic activities of the
test compound were calculated from the measured
OD492-OD620 values according to Pauwels et al.
(1988). Each experiment was performed in tripli-
cate. The mean values are representative for three
independent experiments. Substance concentra-
tions at half-maximum virus inhibition (EC50) and
at half-maximum cytotoxic effectiveness (CC50),
respectively, were calculated from dose-response
curves by regression analysis.

2.3. Detection of anti-EBV acti6ity

2.3.1. Cell cultures
The EBV producer cell line P3HR-1, the EBV

genome carrying cell lines Raji and Namalwa as
well as the EBV negative cell line Ramos were
grown in RPMI 1640 medium supplemented withFig. 1. Structure of test compounds.
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10% heat-inactivated FBS, L-glutamine and an-
tibiotics at 36.5°C in a humified 5% CO2 contain-
ing atmosphere.

2.3.2. Exposure of P3HR-1 cells to drugs
Exponentially growing P3HR-1 cells were cen-

trifuged, resuspended in fresh medium and seeded
at a density of 106 cells/ml in 25 cm2 cell culture
flasks. The tumour promotor 12-O-tetradecanoyl-
phorbol-13-acetate (TPA, Sigma) was added at a
concentration of 30 ng/ml to induce virus produc-
tion (Lin et al., 1979). Cell cultures were incu-
bated with compounds at different concentrations
for 7 days.

2.3.3. DNA isolation
Control and drug treated cells were pelleted,

washed with PBS twice and resuspended in 200 ml
PBS. DNA was extracted using a DNA extraction
kit (QIAamp Blood Kit, Qiagen). DNA concen-
tration was determined by UV spectrometry.

2.3.4. Slot blot hybridization
Ten micrograms of total cellular DNA of drug

treated P3HR-1 cells and control cells were used
to determine the EBV DNA content. The slot blot
hybridization assay was done as described previ-
ously (Meerbach et al., 1998) using 30 ng/ml of a
digoxigenin-11-dUTP-labeled probe specific for
the Bam H1-W-fragment of the EBV genome.
After hybridization chemiluminescence detection
was carried out followed by 2 h exposition to a
Kodak film. The amount of EBV DNA was mea-
sured using a densitometer (MWG Biotech).
Then, the EBV DNA concentration was com-
pared between drug-treated and non-treated
P3HR-1 cells and the 50% effective concentration
(EC50) for inhibition of EBV replication was cal-
culated by regression analysis.

2.3.5. Preparation of the probe
The probe was labeled in a PCR reaction ac-

cording to the method described by Emanuel
(1991). The primer sequence 5%-3%: CCAGAG-
GTAAGTGGACTT and GACCGGTGC-
CTTCTTAGG delimit a 124 bp sequence within
the internal repeat 1 (Bam W region). The PCR
reaction mixture consisted of PCR buffer (50 mM

KCl, 1.5 mM MgCl2, 10 mM Tris–HCl at pH
8.3), 200 mM dNTP (PCR DIG Labeling Mix,
Boehringer Mannheim), 1 mM of each primer, 2.5
units Amplitaq DNA polymerase, and 50 ng (per
50 ml reaction mixture) of EBV-Bam HI-W-plas-
mid DNA. After an initial denaturation step for 5
min at 94°C, 30 cycles were carried out each
including 1 min at 95°C for denaturation, 1 min
at 60°C for annealing, and 1.5 min at 72°C for
chain elongation, followed by an additional 7 min
at 72°C.

2.3.6. Determination of CC50 for cell growth
P3HR-1 cells were grown for 7 days in the

presence of the test compounds at different con-
centrations from an initial density of 2×105 cells/
ml in 96-well plates. Cell numbers were
determined using a Neubauer counting chamber
and 50% inhibitory concentrations for cell growth
(CC50) were calculated.

2.3.7. Inhibition of EBV antigen expression
For detection of virus capsid antigen (VCA)

exponentially growing P3HR-1 cells were seeded
at a density of 106 cells/ml with addition of TPA
and treated with different concentrations of the
test compounds for 7 days. Cells were pelleted
and washed with PBS. Drops of cell suspension
were placed on slides, air dried and fixed in
acetone at −20°C for 1 h. VCA was detected by
indirect immunofluorescence using human sera
with high titres to VCA (]1:2500) and a mono-
clonal antibody against VCA-gp125 (Chemicon
International, Temecula, CA), respectively. The
VCA-positive cells were counted under a fluores-
cence microscope and EC50 values were
calculated.

3. Results

3.1. Anti-HSV-1 acti6ity

The most active ACVMP-triester against HSV-
1 Kupka was 3-methyl-cycloSal-ACVMP. The
EC50 value of 0.20 mg/ml equals to that of ACV.
5-methyl-cycloSal-ACVMP and the unsubstituted
(5-H) compound were active as well (EC50: 0.38
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Fig. 2. Dose-response curves of cycloSaligenyl nucleoside
monophosphates (cycloSal-NMP) of acyclic nucleoside ana-
logues against HSV-1 Kupka (A) and HSV-1 TK− B2006 (B)
in Vero cells.

EC50 for inhibition of VCA expression, the 50%
cytostatic concentration (CC50), and the ratios of
EC50 for inhibition of viral DNA synthesis to the
50% cytostatic concentration (SI, selectivity in-
dices). As reference compounds for the anti-EBV
activity in vitro, aciclovir, penciclovir, and cid-
ofovir were included (Colby et al., 1980; Boyd et
al., 1987; Lin et al., 1991; Bacon and Boyd, 1995).
In the present study, selectivity indices of 58,
\31, and 129, respectively, were obtained for
these substances. Among the six tested cycloSal
derivatives the three cycloSal-ACVMP-phospho-
triesters proved to be selective inhibitors of the
EBV replicative cycle (Fig. 3 and the EBV struc-
tural protein production). They yielded EC50 val-
ues for inhibition of EBV DNA replication of
2.38 (3-methyl-cycloSal-ACVMP), 1.85 (5-methyl-
cycloSal-ACVMP), and 4.07 mg/ml (5-H-cycloSal-
ACVMP), and selectivity indices of \42, \54,
and 12, respectively. Of the cycloSal substances of
penciclovir only 3-methyl-cycloSal-PCVMP and
5-H-cycloSal-PCVMP showed a marginal anti-
EBV activity (EC50=21.7 and 25.2 mg/ml, respec-
tively). 3-methyl-cycloSal-O-acetyl-PCVMP had
no influence on EBV replication.

In parallel with the EBV DNA inhibition assay,
the indirect immunofluorescence antibody tech-
nique was performed to determine the inhibitory
effect of the test compounds on the expression of
the structural protein VCA. As can be concluded
from Table 1, all compounds which reduced EBV
DNA synthesis were also effective in reducing
VCA expression.

4. Discussion

The mode of action of antiviral drugs with
significant anti-HSV-activity such as aciclovir,
valaciclovir, penciclovir and famciclovir (Wutzler,
1997) bases on the presence of viral thymidine
kinase for phosphorylation of the drug into the
monophosphate. The monophosphate is subse-
quently converted by cellular kinases to the di-
and triphosphate forms, which inhibit viral DNA
polymerase. Problems arise in thymidine kinase
deficient strains which occur rarely in immuno-
competent patients (Kost et al., 1993; Nyquist et

and 0.41 mg/ml, respectively), but they did not
achieve the effectiveness of the 3-methyl com-
pound (Fig. 2A). In contrast to aciclovir, the three
cycloSal-ACVMP derivatives showed remarkable
antiviral activity also against the HSV-1 TK−

strain B2006. The 3-methyl-cycloSal-ACVMP
derivative proved to be 62-fold more active than
ACV. The unsubstituted 5-H-cycloSal-ACVMP
and 5-methyl-cycloSal-ACVMP surpassed the
EC50 value of ACV 20- and 19-fold, respectively
(Fig. 2B).

The newly synthesized cycloSal-compounds
derived from penciclovir showed only weak an-
tiviral activity. In comparison to penciclovir they
were about 32–95-fold less active against HSV-1
Kupka. Only marginal antiviral effects were ob-
served in the anti-HSV-1 TK− assay.

3.2. Anti-EBV acti6ity

Table 1 shows the 50% effective concentrations
(EC50) for inhibition of EBV DNA synthesis, the
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al., 1994). However, in immunosuppressed pa-
tients, aciclovir-resistant HSV strains are observed
up to 5–6%. (Englund et al., 1990; Chatis and
Crumpacker, 1992). Reyes et al. (1998) reported a
prevalence of ACV-resistant isolates of 5.6%
among HIV-positive patients. Phosphorylation to
the monophosphate can be avoided by delivery of
the corresponding nucleotide from neutral, mem-
brane-permeable prodrugs. Such a pro-nucleotide
approach was designed and synthesized by Meier
et al. (1997), based on the cycloSaligenyl-nucle-
otide concept. Using this concept, a new series of
pro-nucleotide derivatives of the acyclic nu-
cleoside analogues aciclovir and penciclovir were
synthesized (Meier et al., 1998).

The present study was carried out for in vitro
evaluation of this new group of potentially anti-
herpetic prodrugs against TK-positive HSV-1,
TK-deficient HSV-1, and EBV. The results
demonstrate that the test compounds on the basis
of cycloSal-phosphotriesters of aciclovir are po-
tent inhibitors of HSV-1 replication. The most
active compound against HSV-1 Kupka was 3-
methyl-cycloSal-ACVMP (EC50: 0.20 mg/ml)
which reached nearly the same EC50 value as
aciclovir. The two other ACVMP-phosphotri-
esters still showed a good anti-HSV-1 effective-

ness. Most promising are the results of inhibition
the TK−-HSV-1 strain: here, in contrast to ACV,
the cycloSal-ACVMP-phosphotriesters demon-
strated a remarkable antiviral effect. The most
active compound 3-methyl-cycloSal-ACVMP elic-
ited a 62-fold higher activity compared to ACV,
whereas the unsubstituted 5-H-cycloSal-ACVMP
and the 5-methyl-cycloSal-ACVMP reached a 20-
and 19-fold higher activity than ACV. The com-
plete retention of antiviral activity against TK−-
strains provides evidence for the intracellular
delivery of the monophosphate from the pro-nu-
cleotide [so-called ‘thymidine kinase bypass’
(Meier, 1998)].

The PCV-containing cycloSal-phosphotriester
were markedly less active against HSV-1 and
TK−-HSV-1. A reason for the failure of PCV
derivatives could be due to the formation of cyclic
PCVMP instead of PCVMP during the hydrolysis
of the corresponding cycloSal-triester (Meier et
al., 1998).

Some nucleoside analogues like aciclovir and
penciclovir have proved to be active against EBV
in vitro (Colby et al., 1980; Bacon and Boyd,
1995). In clinical trials aciclovir has been used in
patients with infectious mononucleosis. Thus, aci-
clovir infusions were shown to reduce oropharyn-

Table 1
Anti-EBV activity of cycloSal-phosphotriesters of ACV and PCV

EC50
b (mg/ml)a CC50

c (mg/ml)a SIdCompound

DNA-synthesis P3HR-1 cellsVCA-expression

cycloSal-ACVMPs
\42\1009.1792.522.3891.193-Methyl-cycloSal -ACVMP

1.8590.175-Methyl-cycloSal-ACVMP \54\10010.092.50
9.1094.80 48.098.69 124.0790.805-H-cycloSal-ACVMP

cycloSal-PCVMPs
67.5917.721.791.13 35.097.553-Methyl-cycloSal-PCVMP 3

3-Methyl-cycloSal-O-acetyl-PCVMP \100\50 —\50
87.5910.65-H-cycloSal-PCVMP 425.2910.7 33.796.81

Reference compounds
5.4292.351.5290.59 58ACV 88.395.77

3.2091.99 6.0091.80 \100 \31PCV
0.2290.12 28.393.51HPMPC 1.2590.35 129

a Data are the mean9SD of three independent experiments.
b EC50, concentration required to reduce EBV DNA synthesis or VCA expression by 50%.
c CC50, concentration required to reduce the growth of exponentially growing P3HR-1 cells by 50%.
d SI, selectivity index=CC50/EC50 (DNA synthesis).
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Fig. 3. Inhibition of EBV DNA synthesis in P3HR-1 cells by
different cycloSal-phosphotriesters of aciclovir using a slot
blot hybridization assay followed by chemiluminescence detec-
tion. Ramos cells, Namalwa cells and Raji cells served as
controls for the sensitivity of the method used. The differences
in the intensity of the blot signals correspond with the antiviral
efficiency.

Our data on the anti-EBV activity of the new
series on compounds derived from aciclovir
demonstrated a similar inhibitory effect of EBV
replication and VCA expression as for the parent
compound ACV. But there might be a benefit for
these pro-nucleotides because of their monophos-
phate form in bypassing viral enzyme pathways in
EBV-infected cells. In parallel with the anti-HSV
results, there was no antiviral activity against
EBV for the penciclovir cycloSal derivatives.

In conclusion, these results demonstrate that
pro-nucleotides based on cycloSal derivatives of
aciclovir are potent anti-EBV- and anti-HSV-1
agents and retain their antiviral activity also
against TK-deficient HSV-1 strains.
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