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Abstract

Because variola virus might be used as a pathogen in biological attacks, there is an urgent need to provide effective antiviral drugs for the
treatment of orthopoxvirus infections. Thus, the aim of the present study was to test the antiviral activity of 3 pro-nuclectides of the acyclic
nucleoside analogues aciclovir (ACV), 3 of penciclovir (PCV) and 38 of the cyclic nucleoside analogue brivudin (BVDU), on the basis of
cyclaSaligenyl-nucleoside monophosphate approach against vaccinia virus and cowpox virus in vitro. In further experiments, 13 synthetic
humic acid-like polymers, so-called polyhydroxycarboxylates, were examined. Antiviral screening was performed by means of the plaque
reduction assay and for quantification of the cytotoxicity of the test compounds the XTT-based tetrazolium reduction assay EZ4U was used. As
result, threeycloSal-monophosphate derivatives of ACV proved to be potent inhibitors of both vaccinia virus and cowpox virus replication in
vitro. Among the tested monophosphate derivativesyofaSal-PCV andtyclaSal-BVDU, selected substances showed a promising antiviral
activity against vaccinia virus and cowpox virus. For the polyanionic compounds, no relevant antiviral activity was detected. In conclusion,
by the delivery of nucleoside monophosphates from neutral, membrane-permeable prodrugs on the basjcloS#igenyl-nucleotide
concept, different ACV, PCV and BVDU derivatives can act as potent and selective inhibitors of orthopoxvirus replication. However, most of
thecycloSal-monophosphate derivatives of BVDU had a higher cytotoxicity than their parent nucleosides.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction birsk (Russia). Since the events of September 11, 2001, in
New York City and the subsequent deaths related to anthrax
Smallpox belongs to one of the oldest recorded infectious (Atlas, 2002, it seems to be possible that variola virus might
diseases of mankind. During many centuries, it has been abe used as a pathogen in biological attadier(derson et
serious endemic disease all over the world. The last case ofal., 1999. Virtually, all children and a considerable part
naturally occurring smallpox was observed in 1977 in Soma- of the adult population are now fully susceptible to small-
lia. Because of successful preventive measures by immunizapox. Additionally, there is only a limited stock of efficient
tion, the World Health Organization (WHO) declared global and safe vaccine available. Therefore, the CDC has listed
eradication of the disease in 1980drld Health Organiza-  variola virus in the category A of the most dangerous biolog-
tion, 1980. In the following years, the vaccination programs ical agents which may be used in biowarfare and bioterror-
were discontinued in all countries. Since then, the causativeism (CDC; http://www.bt.cdc.gov/Agent/Agentlist.aspin
agent of smallpox, variola virus, is retained in two central January 2002, the WHO Smallpox Advisory Group rec-
repositories, the Centers for Disease Control and Preven-ommended that the existing variola virus stocks should be
tion (CDC) in Atlanta (USA) and the State Research Center retained until satisfactory antiviral drugs and a safer vaccine
of Virology and Biotechnology (VECTOR labs) in Novosi- are developed.
The search for antiviral agents to be effective against
* Corresponding author. Tel.: +49 3641 657300; fax: +49 3641 657301. POX Viruses started over 50 years ago when the thiosemicar-
E-mail addressAndreas.Sauerbrei@med.uni-jena.de (A. Sauerbrei). bazones, which were introduced as tuberculostatic agents,
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were found to be active against vaccinia viriofnagk droxycarboxylates, which have been shown to inhibit repli-
et al., 1946; Bauer, 1955 To date, several substances cation of HSV Helbig et al., 199Y, were also tested.

have been reported to display antiviral activity against

orthopoxviruses, but none of them have been approved

for the therapy of pox virus infections in humans. Most 2. Materials and methods

of the effective compounds fall within the group of

nucleoside analoguesDé Clercq, 2001la In particu- 2.1. Chemicals
lar, the acyclic nucleoside phosphona&®-1-(3-hydroxy-
2-phosphonylmethoxypropyl)cytosine S{(HPMPC, cido- The synthesis of the new pro-nucleotides on the basis

fovir] has been proved to be effective against variola virus, of cyclaSal-phosphotriesters of the acyclic nucleoside ana-
monkeypox virus, cowpox virus and vaccinia virus in vitro - Jogues ACV, PCV and the cyclic nucleoside analogue BVDU
(Safrin et al., 199y and in vivo in several animal models \as described in detail byleier et al. (1998, 2001)n the
(Neyts and De Clercq, 1993; Bray et al., 2002; Huggins et present study, 3 differertycloSal-MP derivatives of ACV,

al., 2002; Smee et al., 20p2After two consecutive phos- 3 of PCV and 38 of BVDU were used as test compounds
phorylation steps, the diphosphate of cidofovir serves as a(Table 1 Fig. 1). In control experiments, the unphosphory-
competitive inhibitor or alternative substrate in the viral DNA  |ated parent nucleosides ACV, PCV and BVDU as well as the
polymerase reactioe Clercq, 200p However, because of  reference substances cidofovir and 5-iodo-dUrd were tested.
its nephrotoxicity an intravenous medication of cidofovir is The different polyhydroxycarboxylates used in this study
limited in practice Bray and Roy, 2004 were produced by enzymatic or non-enzymatic oxidation

Among the first generation of nucleoside analogues which of ortho- and para-di- as well as triphenolic substances
have been reported as inhibitors of herpes simplex virus
(HSV) replication, there are also several potent compounds

against pox viruses. These substances, targeting at the viral 0

DNA synthesis, include, in particular, adenine arabinoside HN N
(Ara-A) (Walton et al., 196p and 5-iodo-2-deoxyuridine 5 o )\ | \>
(5-iodo-dUrd) (Neyts and De Clercq, 2002The second x‘@f\}(fo HzN SN N
generation of nucleoside analogues is represented by 9- 3 o~ \0 \I
(2-hydroxyethoxymethyl)guanine (aciclovir, ACV) an){ _\/0

5-(2-bromovinyl)-2-deoxyuridine (brivudin, BVDU) which

have been licensed for antiviral treatment of HSV and
varicella-zoster virus (VZV) infections in humans since
several yearsOje Clercq, 2001p These agents are selec-

cycloSal-aciclovir monophosphate (cycloSal-ACVMP)

tively activated by the herpesvirus thymidine kinase and, 9
therefore, do not significantly inhibit the replication of HN
pox viruses. However, this handicap might be changed by 056 )\ | \>
the use of lipophilic prodrugs of their monophosphates ,!f/ HoN Y
(Meier et al., 1998, 1999; Meier, 20p4The so-called o~ \0

X

cycloSaligenyl-nucleotide concept was designed to release
the nucleotides selectively by controlled, chemical induced
hydrolysis involving a successive coupled cleavage of the OR
phenyl- and benzylester of tisgcloSal-phosphotriester (tan-
dem reaction). Using this concept, the synthesis of pro-
nucleotide derivatives of the acyclic nucleoside analogues
ACYV, penciclovir (PCV) and the cyclic nucleoside analogue

cycloSal-penciclovir monophosphate (cycloSal-PCVMP)

BVDU has been described yeier et al. (1998, 2001)lo 0 Br
date, several compounds have been demonstrated to be potent g . HN
inhibitors of HSV and Epstein-Barr virus (EBV) replication 3 9.0 )\JJF
(Meerbach et al., 2000; Meier et al., 2002, 2p04 4 0" Ng 0~ "N

The aim of the present study was to test pro-nucleotides CHs " * o ;
of acyclic and cyclic nucleoside analogues, based on the h 4
cycloSal-nucleoside monophosphate approach, against vac- OR

cinia virus and cowpox virus in vitro. Thus, different

cyclaSal-monophosphate (MP) derivatives of ACV, PCV and cycloSal-5-bromovinyl-2*-deoxyuridine monophosphate
BVDU were used in comparison with the reference sub- (cyci0sal-BVDUMP)

stances cidofovir and 5-iodo-dUrd. In further experiments,

synthetic humic acid-like polymers, the so-called polyhy- Fig. 1. Structure otycloSal test compounds.



Table 1
Test compounds
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Test group

Substances

CyclaSal-monophosphates
(cyclaSal-MP) from
aciclovir (ACV)

CycldSal-MP from
penciclovir (PCV)

CycldSal-MP from
brivudin (BVDU)

3-MethylcycldSal-ACVMP
5-MethylcycldSal-ACVMP
5-H-cyclaSal-ACVMP

3-Methyl-cyclaSal-PCVMP
3-MethylcyclaSal-O-acetyl-PCVMP
5-H-cyclaSal-PCVMP

3-MethylcycloSal-3-OH-BVDUMP
3-Methyl-cycloSal-3-O-acetyl-
BVDUMP
3-Methyl-cycloSal-3-O-pivaloyl-
BVDUMP
3-Methyl-cycloSal-3-O-methyl-
BVDUMP
3-Methyl-cycloSal-3-O-propionyl-
BVDUMP
3-Methyl-cycloSal-3-O-hexanoyl-
BVDUMP
3-Methyl-cycloSal-3-O-decanoyl-
BVDUMP
3-Methyl-cycloSal-3-O-ibutyryl-
BVDUMP
3-Methyl-cycloSal-3-O-levulinyl-
BVDUMP
3-Methyl-cycloSal-3-O-glycinyl-
BVDUMP
3-Methyl-cycloSal-3-O-L-alaninyl-
BVDUMP
3-Methyl-cycloSal-3-O-p-alaninyl-
BVDUMP
3-Methyl-cycloSal-3-O-1-valinyl-
BVDUMP
3-Methyl-cycloSal-3-O-p-valinyl-
BVDUMP
3-MethylcycloSal-3-O-L-leucinyl-
BVDUMP
3-Methyl-cycloSal-3-O-p-leucinyl-
BVDUMP

3-Methyl-cycloSal-3-O-r-isoleucinyl-

BVDUMP

3-Methyl-cycloSal-3-O-p-isoleucinyl-

BVDUMP
3-Methyl-cyclaSal-3-O-L-prolinyl-
BVDUMP
3-Methyl-cyclaSal-3-O-p-prolinyl-
BVDUMP

3-Methyl-cyclaSal-3-O-L-phenylalanyl-

BVDUMP

3-Methyl-cyclaSal-3-O-p-phenylalanyl-

BVDUMP
5-H-cycldSal-3-O-acetyl-BVDUMP
5-H-cyclaSal-3-O-ibutyryl-BVDUMP

5-H-cyclaSal-3-O-levulinyl-BVDUMP
5-H-cycldSal-3-O-L-alaninyl-BVDUMP

5-ChlorocycloSal-3-OH-BVDUMP

5-0O-MethylcycldSal-3-OH-BVDUMP

3,5-DimethyleyclaSal-3-OH-
BVDUMP
3--Butyl-cycloSal-3-OH-BVDUMP
6-Chloro-7-methyleycloSal-3-OH-
BVDUMP
6-Chloro¢yclaSal-3-OH-BVDUMP
3-PhenyleycloSal-3-OH-BVDUMP

Table 1 Continued
Test group

Substances

5-PhenyleyclaSal-3-OH-BVDUMP
Benzop]-cycldSal-3-OH-BVDUMP
Benzof]-cyclaSal-3-OH-BVDUMP
6-Chloro-7-ECMeycloSal-3-OH-
BVDUMP
6-Chloro-7n-butyl-cycloSal-3-OH-
BVDUMP

KOP/caffeic acid
GALOP/gallic acid
GENOP/gentisinic acid
HYKOP/hydrocaffeic acid
PYROP/pyrogallol
CHOP/chlorogenic acid
POP/protocatechuic acid
2,5-DHPOP/2,5-dihydroxy-phenylacetic
acid
3,4-DHPOP/3,4-dihydroxy-phenylacetic
acid
KHYKOP/caffeic acid plus hydrocaffeic
acid (1:1)
KGALOP/caffeic acid plus gallic acid
(1:1)
GALEEOP/gallic acid ethylester
GALMEOP/gallic acid methylester

Phenolic polymers

according to the methods described previoushieérbach

et al.,, 2002. Table 1lists the phenolic polymers tested
as well as their starting compounds. The mean molecular
weight (MW) and the number of carboxylic groups corre-
spond to the data reported previoushye(big et al., 1997;
Klocking et al., 2002; Meerbach et al., 200&ith the
exception of GALOP (starting compound: gallic acid,
MW: 7300, carboxylic groups: 18.2 equivalents per mol)
and PYROP (starting compound: pyrogallol, MW: 7300,
carboxylic groups: 12.5 equivalents per mol). Dextran sulfate
was included as reference substance of the polyanionic
compounds.

2.2. Viruses and cell cultures

The following viruses belonging to the genus
orthopoxviruswere included in this study:

(i) vaccinia virus, strain Elstree, received from Prof.
Herzberg, Greifswald, Germany;

(i) cowpox virus, strain Marina\leyer etal., 199§ isolated
from an elephant in 1961.

The viruses were grown and titrated using monolayers of
the permanent African green monkey kidney cells Vero76
(ATCC, CRL 1587). The cells were cultured in Eagle’s
minimum essential medium (EMEM) with Hanks' salts
(Cambrex, Verviers, Belgiun) supplemented with 2mM
L-glutamine (Cambrex), 5% fetal calf serum (Invitrogen,
Carlsbad, CA, USA), 100 U/ml penicillin (Cambrex) and
100wg/ml streptomycin sulfate (Cambrex). Titers of viral
stocks were 10* tissue culture infectious dose 50%
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(TCIDsg) per ml for vaccinia virus and Y& TCIDso/ml for counted with the aid of a dissecting microscope (Carl Zeiss,

COWPOX Virus. Jena, Germany) witkk 100 magnification and an estimate of
the 50% inhibitory concentration (g) was made.

2.3. Testing of cytotoxicity Each experiment was performed in triplicate and

data points of Igy were presented as the arithmetic
The cytotoxicity induced by the test compounds was quan- meanst standard errors of the mean (S.E.M.).
tified in microtiter plates by means of the XTT-based tetra-
zolium reduction assay EZ4U (Biozol, Eching, Germany) 2.5. Statistical analysis
described previouslyKlocking et al., 1995 Cytotoxicity
tests were run in confluent monolayers of Vero76 cells. After  CCspand G values were calculated from dose—response
measuring extinction from three wells, substance concen-curves by regression analysis using the Sigma Statistical
trations at the half-maximum cytotoxicity (50% cytotoxic Analysis System, Version 1.01 as software. Selectivity index
concentration, C&p) were calculated as arithmetic means.  (SlI) was expressed as quotient of §g@nd 1Go. To ver-
ify variations in sensitivity of vaccinia virus strain Elstree
2.4. Antiviral assay and cowpox virus strain Marina, g values were compared
using the double-sided Studernt'®est.P-values were subject
Antiviral screening was performed in 24-well flat- to a significance level of 5%.
bottomed microtiter plates by means of the plaque reduction
assay which is used as a standard method for antiviral test-
ing against pox viruses in vitro. Each well of the microtiter 3. Results
plates was seeded with 1@-day-old Vero76 cells in 1 ml of
growth medium. Cells were cultivated for 2—-3 days atG7 The highest antiviral activity of the test substances was
in a humid atmosphere containing 5% &£@fter confluence demonstrated for the thresycloSal-monophosphate deriva-
of cells, the medium was removed and the cell monolay- tives of ACV (Table 3. With 1Csg values of 6—-1Qug/ml,
ers were washed with phosphate-buffered saline (PBS). EaclB-methylcyclaSal-ACVMP (entry 1,Table 2 had a much
well was inoculated with 1 ml virus which was diluted in greater antiviral activity than the parent compound against
growth medium. Vaccinia virus was used at a 1:5000 dilution, vaccinia virus and cowpox virus and for the 5-methyl-
which corresponds to £ tissue culture infective dose 50%  substitudectycloSal-ACVMP (entry 2, Table 2 an I1Gsg of
(TCIDs50) per ml and 0.05 multiplicity of infection (m.o.i.).  17-37wg/ml could be calculated. With Kg values between
The cowpox virus strain was diluted 1:10,000 corresponding 18 and 33.g/ml, the unsubstituted compound 5eteloSal-
to 10>° TCIDso/ml and 0.08 m.o.i. After adsorption of virus  ACVMP (entry 3,Table 9 was found to be effective as well.
for 1 hat 37C, the inocula were removed and the wells were The selectivity indices of theyclaSal-ACVMP derivatives
overlaid with 1 ml of a 1:1 mixture consisting of purified agar tested in this study varied between 8 and 23. Thus, in com-
(Difco Laboratories, Detroit, USA) at a final concentration of parison with the unphosphorylated parent ACV, which was
0.5% and the antiviral substances at a final half log dilution entirely inactive (entry 4Table 2, cycloSal-MP derivatives
overarange between 0.125 and pIZml. The agarwas sus-  of ACV proved to be potent inhibitors of both vaccinia virus
pended in distilled water and the antiviral compounds were and cowpox virus infection in vitro. The dose-response
diluted with EMEM without phenol red (Cambrex). Both curve for 3-methykycloSal-ACVMP, the best compound of
components were added to the cell monolayers at a temperathis group, is presented ifig. 2 There were no statistical
ture of 40°C. After incubation for 72 h at 37C and 5% CQ, differences in sensitivity between vaccinia virus strain
the cells were fixed and stained with 50100.3% crystal vio- Elstree and cowpox virus strain Marina to ttycloSal-MP
let in 3% formalin per well for at least 2 h. Subsequently, the derivatives.
overlay was washed off using tap-water and the underlying Among the three tested monophosphate derivatives of
cells were washed with distilled water. Finally, plagues were cycldSal-PCV, 3-methykycloSal-PCVMP (entry 1Table 3

Table 2
Antiviral activity of cyclaSal-monophosphatesycloSal-MP) from aciclovir (ACV) against vaccinia virus (VV) strain Elstree and cowpox virus (CPV) strain
Marina

No. Compound C6o (ng/ml) VWV, ICs0 (mg/ml®  VV, ICgo (ng/ml)@  CPV, IGso (ng/ml)@  CPV, ICgo (ng/ml)@  SI, VVICPV
1 3-MethylcycloSal-ACVMP 135 5.940.6 12.74+1.5 9.9+2.7 20.4+4.8 22.9/13.6

2 5-MethylcycloSal-ACVMP  >128 16.#44.3 39.3£9.0 36.80=1) 64.0 >7.7/>3.5

3 5-H-cycloSal-ACVMP 283 17.9:3.9 55.1+ 14.6 33.2£2.8 88.2+4.1 15.8/7.5

4 ACV >512 >256 >256 >256 >256 -

5 Cidofovir >512 4.6£0.7 7.8+1.1 4.0+£0.6 10.5+3.0 >111/>128

6 5-lodo-dUrd >1024 0.40.1 1.3+0.3 0.3+0.1 1.0+£0.2 >2560/>3413

CGCsp, 50% cytotoxic concentration; Kg/ICgo, 50%/90% inhibitory concentration; Sl, selectivity index.
@ Data are the meah standard deviation for three independent experiments.
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Fig. 2. Dose—response curve for antiviral activity of 3-mettydidSal-
aciclovir-monophosphate (3-methgycloSal-ACVMP) and 3-methyl-
cycldSal penciclovir-monophosphate (3-metltykloSal-PCVMP) against
vaccinia virus strain Elstree (VV) and cowpox virus strain Marina (CPV).

had a moderate antiviral activity which was comparable
between both orthopoxviruses used. Theggl@alues were
calculated as 2gg/ml against vaccinia virus and about
27 g/ml against cowpox virus. The dose-response curve
for this compound is presentedhig. 2. 3-Methyl-cycloSal-
O-acetyl-PCVMP (entry 2Table 3 and the unsubstituted
compound 5-HeyclaSal-PCVMP (entry 3Table 3 were as
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(entry 3, Table 4 against vaccinia virus and for t3butyl-
cyclaSal-3-BVDUMP (entry 2, Table 4 against both vac-
cinia virus and cowpox virus. For other compounds, such
as 3-methykycldSal-3-O-propionyl-BVDUMP, 6-chloro-
cyclaSal-3-BVDUMP and 6-chloro-7-ECMsycldSal-3-
BVDUMP, a moderate antiviral activity with I§g values
between 18 and 28g/ml could be demonstrated. However,
most of these test substances had a relatively marked cytotox-
icity. Thus, the selectivity indices were relatively low, except
for 3-methyleycloSal-3-BVDUMP (entry 1, Table 4 and
6-chloro-7n-butyl-cyclaSal-3-BVDUMP (entry 3,Table 4.
Taking all results into account, selecteytloSal-BVDUMP
derivatives showed a promising antiviral activity against vac-
cinia virus and cowpox virus. However, most of the agents
tested in this study were ineffective at therapeutically relevant
concentrations or had little selectivity and were, therefore,
not listed inTable 4 Most results were comparable with that
of the unphosphorylated BVDU (entry Fable 4. Vaccinia
virus was significantly more sensitive than cowpox virus to
3-methyleycloSal-3-BVDUMP (entry 1,Table 4. By con-
trast, 3-methylkyclaSal-3-O-pivaloyl-BVDUMP revealed a
higher activity against cowpox virus (§g31.24+ 1.6 ug/ml)
than vaccinia virus (16 53.8+ 2.4.g/ml).

Among the selected synthetic humic acid-like polymers
tested in this study, a low antiviral activity against pox viruses
was detectable for KOP, the oxidation product of caffeic
acid. 1Go values varied between @2y/ml for the cow-

ineffective as their unphosphorylated parent compound PCV pox virus strain Marina and 88g/ml for the vaccinia virus

(entry 4,Table 3.

For the most effectiveycldSal-MP derivatives of BVDU,
ICsp values of 10-14.g/ml were estimatedTable 4. This
was the case for 3-methyglclaSal-3-BVDUMP (entry
1, Table 4 and 6-chloro-7-butyl-cyclaSal-3-BVDUMP

strain Elstree. No therapeutically relevant antiviral activity
was detectable for the remaining polyanionic compounds
including the reference substance dextran sulfate. The oxi-
dation product of the caffeic acid plus hydrocaffeic acid
(1:1) had a significantly better antiviral activity against vac-

Table 3

Antiviral activity of cyclaSal-monophosphatesycloSal-MP) from penciclovir (PCV) against vaccinia virus (VV) strain Elstree and cowpox virus (CPV) strain

Marina

No. Compound Cép VV, ICsp VV, ICqo CPV, 1G5 CPV, 1Cyo S, VWICPV
(ng/mi) (rg/ml)? (ng/mi)? (rg/mi)? (rg/ml®

1 3-MethylcycloSal-PCVMP >128 24854 57.6£9.5 26.9£3.9 62.8£6.1 >5.3/4.8

2 3-MethylcycloSal-O-acetyl-PCVMP 187 >128 >128 >128 >128 -

3 5-H-cycloSal-PCVMP >128 >64.0n=2) >64.0 =2) >64.0 >64.0 -

4 PCV >512 >256 >256 >256 >256 -

CGCsp, 50% cytotoxic concentration; Kg/ICgo, 50%/90% inhibitory concentration; Sl, selectivity index.
@ Data are the meah standard deviation for three independent experiments.

Table 4

Antiviral activity of cycloSal-monophosphatesyclaSal-MP) from brivudin (BVDU) against vaccinia virus (VV) strain Elstree and cowpox virus (CPV) strain

Marina

No.  Compound Céo VV, ICso VV, ICg0 CPV, IG5 CPV, 1Cyo SI, VWICPV
(ng/m)  (ng/mi® (ng/m®  (pg/mi@? (ng/mi?

1 3-MethylcycloSal-3-OH-BVDUMP >128 10.8£2.0 31.8t6.5 48.2+08(n=2) 121.3:39(n=2) >11.9/>2.7

2 3+-Butyl-cycloSal-3-OH-BVDUMP 36.2 10.3t2.8  21.0+6.7 13.5+2.1 41.2+5.9 3.5/2.7

3 6-Chloro-7n-butyl-cycloSal-3-OH-BVDUMP 143 14122 28.0£54 >32.00=1) >32.0 0=1) 10.1/-

4 BVvVDU >512 >128 >128 >128 >128 -

CGCsp, 50% cytotoxic concentration; Kg/ICgo, 50%/90% inhibitory concentration; Sl, selectivity index.
@ Data are the meaht standard deviation for three independent experiments.
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cinia virus (1Gp 219+ 59.7u.g/ml) than cowpox virus (16
384+ 9.3pg/ml).

A. Sauerbrei et al. / Antiviral Research 67 (2005) 147-154

The present study was carried out to evaluateloSal-
MP derivatives of ACV, PCV and BVDU against

None of the test compounds had an in vitro antiviral activ- orthopoxviruses, in particular vaccinia virus and cowpox
ity against orthopoxviruses that was comparable to that of virus. As demonstratedycloSal-phosphotriesters of ACV

the reference substances cidofovir and 5-iodo-dUrdg IC

turned out to be potent inhibitors of vaccinia virus and cow-

values of cidofovir against vaccinia virus and cowpox virus pox virus replication. Most promising are the in vitro data

were found to be 4-pg/ml and the selectivity indices were
>111 (entry 5,Table 3. For 5-iodo-dUrd, 1Gy values of
0.3-0.4p.g/mlwere found and selectivity indices were >2500
(entry 6,Table 2.

4. Discussion

The highly selective antiviral drugs ACV, PCV and

brivudin possess awell-known antiviral activity against mem-

bers of the subfamily of viruses callédpha-herpesvirinae

(Wutzler, 1997. Their mode of action is based on the pres-

of 3-methylcyclaSal-ACVMP which exhibited gy val-
ues of 6-1Qvg/ml. The two othecycloSal-phosphotriesters
of ACV, 5-methylcycloSal-ACVMP and 5-HeycloSal-
ACVMP, also had a good antiviral activity. These findings
confirm the assumption ddarby et al. (198Q)who postu-
lated a wider antiviral activity for the phosphorylated drug
ACV. In addition, our results provide further evidence for
the so-called “thymidine kinase bypass”, i.e., the intracellu-
lar delivery of the monophosphate from the pro-nucleotide
(Meier et al., 1998

Among the PCV-containingcyclaSal-phosphotriesters,
only 3-methyleycloSal-PCVMP had a moderate activity

ence of viral thymidine kinase which phosphorylates them to against vaccinia virus and cowpox virus. In keeping with
the monophosphate and brivudin to the mono- and diphos-these resultssycloSal-PCVMP derivatives were also found
phate. The mono- and diphosphates are subsequently conto be less active against HSV-1 in recent studMedrbach

verted by cellular kinases to the triphosphate forms which et al., 2000. As a reason for this failure, the formation of

inhibit viral DNA polymerase and terminate the growing
DNA chain, respectively. Although a highly conserved thymi-

cyclic PCV monophosphate instead of PCV monophosphate
during the hydrolysis of the correspondingcloSal-triester

dine kinase gene was identified in the genome of severalwas suggestedMeier et al., 1998

orthopoxviruses§chnitzlein and Tripathy, 1991; Hansen et

al., 1999, vaccinia virus has been reported to be unsensitive to be active against pox viruses.

to ACV in normal cells Darby et al., 1980 HoweverDarby
et al. (1980xould show that vaccinia virus is ACV-sensitive

SelectectycloSal-phosphotriesters of BVDU also proved
Compounds with
the highest inhibitory effect were 3-methg¥claSal-
3-BVDUMP, 6-chloro-7-butyleycloSal-3-BVDUMP and

in HSV-specific thymidine kinase-transformed cells in which  3-t-butyl-cyclaSal-3-BVDUMP. Other compounds, such
the thymidine kinase is able to phosphorylate the drug. Theseas 3-methylkyclaSal-3-O-propionyl-BVDUMP, 6-chloro-
results demonstrate the possibility that orthopoxviruses may cycloSal-3-BVDUMP and 6-chloro-7-ECMeycloSal-3-
be sensitive to phosphorylated acyclic nucleoside analogousBVDUMP, had a good or moderate antiviral activity.

compounds.

Although most of these compounds had a relatively high cyto-

The need of phosphorylation of acyclic nucleoside toxicity, the data showthat BVDU monophosphate deliveryis
analogues in virus-infected cells can be avoided by delivery sufficient to convert BVDU into an active anti-pox virus drug.
of corresponding nucleotides from neutral, membrane- However, it cannot be concluded from these data, whether
permeable prodrugs. Such a pro-nucleotide approach wasBVDU monophosphate itself is responsible for the antiviral

designed byeier et al. (1999)based on theycloSaligenyl-

effect or whether further metabolism of BVDU monophos-

nucleotide concept. The basic idea is to achieve nucleotidephate to its triphosphate is necessary.

delivery into cells, bypassing limitations with intracellular

No relevant antiviral activity against vaccinia virus or

formation of nucleotides from their nucleoside precursors. cowpox virus could be detected for the polyhydroxycar-
The cycloSaligenyl-nucleotide concept is one of several boxylates tested. When present during virus adsorption, sev-
pro-nucleotide systems reported so far, but it is the only eral of these polymers exhibit potent activity against HSV,
approach in which a pro-nucleotide is cleaved successfully human cytomegalovirus (HCMV) and human immunodefi-

by a simple but selective chemical hydrolysiglgjer et
al., 2004. Using the cycldSaligenyl-nucleotide concept,

ciency virus (HIV) Helbig etal., 1997; Kdcking et al., 2002;
Meerbach etal., 2002The “broad spectrum antiviral activity

several series of pro-nucleotide derivatives of the acyclic against various enveloped RNA and DNA viruses” of these
nucleoside analogues ACV, PCV and the cyclic nucleoside polymers [uscher-Mattli, 200papparently did not extend

analogue BVDU were synthesizdd¢ier et al., 1998, 2002
Remarkable is the retention of activity ofcloSal-ACVMP

to orthopoxviruses.
Since vaccinia virus is mostly used in antiviral drug

in cells which were infected with thymidine kinase-negative screening, variations in sensitivity compared with other mem-

HSV-1 (Meerbach et al., 2000 In addition, various
cycloSal-phosphotriesters derivatives of ACV and BVDU
exhibit a pronounced activity against EBWi¢ier et al.,
2002.

bers of the genusrthopoxvirusare of importance. Our data
suggest a similar sensitivity of vaccinia virus and cowpox
virus against antiviral drugs targeting the viral DNA poly-
merase. This observation has also been madgdkgr et al.
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(2003) Thus, any of the less virulent viruses could serve as Helbig, B., Klécking, R., Wutzler, P., 1997. Anti-herpes simplex virus
surrogates for screening new members of this class of com-  type 1 activity of humic acid-like polymers and thedrdiphenolic
pounds. Of interest is a greater sensitivity of vaccinia virus to __ Starting compounds. Antiviral Chem. Chemother. 8, 265-273.
ntiviral nt found in two isolated f our stud Henderson, D.A., Inglesby, T.V., Barlett, J.G., Ascher, M.S., Eitzen,
a a age, S a_s ou . 0 Isolated cases of our stu y E., Jahrling, P.B., Hauer, J., Layton, M., McDade, J., Osterholm,
Under consideration of different enzyme targets, drug sensi- .1, o'Toole, T., Parker, G., Perl, T., Russell, PK., Tonat, K.,
tivity data generated for over 800 compounds have indicated  Working Group on Civilian Biodefense, 1999. Smallpox as a bio-
that cowpox virus is the virus that has sensitivities most sim-  logical weapon: medical and public health management. JAMA 281,
ilar to those of variola virusBaker et al., 2008 However, it 2127-2137.
h been ncluded that neither cowpox nor monk X rHugglns, J.W., Baker, R.O., Beadle, J.R., Hostetler, K.Y., 2002. Orally
as .e_e .CO cluae ,a either cowpo 0. O, €ypox o active ether lipid prodrugs of cidofovir for the treatment of smallpox.
vaccinia virus can qua!lfy as surrogate for variola virus. Nev-  Antiviral Res. 53, A66.
ertheless, representative data for the gemtiopoxviruscan Klocking, R., Schacke, M., Wutzler, P., 1995. Piiscreening antiher-
be expected by inclusion of vaccinia virus as well as cowpox  petischer Verbindungen mit EZ4U. Chemother. J. 4, 141-147.
virus in antiviral drug screening as shown in our study. The Klocking, R., Helbig, B., Sbtz, G., Schacke, M., Wutzler, P., 2002.

. . . h . . . Anti-HSV-1 activity of synthetic humic acid-like polymers derived
variola virus itself will be required for confirmatory testing. from p-diphenolic starting compounds. Antiviral Chem. Chemother.

In conclusion, pro-nucleotides based omcloSal-MP 13, 241-249.
derivatives of ACV, PCV and BVDU can act as potent and Lischer-Mattli, M., 2000. Polyanions—a lost chance in the fight against
selective inhibitors of vaccinia virus and cowpox virus repli- HIV and other virus diseases? Antiviral Chem. Chemother. 11,

cation in contrast to their parent compounds. Further studies, = 2497259

. . . . . . Meerbach, A., Kbcking, R., Meier, C., Lomp, A., Helbig, B., Wutzler, P.,

'”C'Ud,'”g, n YIVO testing of selected compounds which are 2000. Inhibitory effect ofcyclaSaligenyl-nucleoside monophosphates

effective in vitro, would be warranted. (cyclaSal-NMP) of acyclic nucleoside analogues on HSV-1 and EBV.
Antiviral Res. 45, 69-77.
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