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In the event of a bioterrorism attack using smallpox virus, there currently is no approved drug for the
treatment of infections with this virus. We have reported previously that (S)-1-[3-hydroxy-2-(phosphonometh-
oxy)propyl]cytosine (HPMPC) (also known as cidofovir [CDV]) has good activity against poxvirus infections;
however, a major limitation is the requirement for intravenous administration. Two related acyclic nucleoside
phosphonates (ANPs), adefovir (PMEA) and tenofovir (PMPA), are active against human immunodeficiency
virus or hepatitis B virus but do not have activity against the orthopoxviruses. Therefore, we have evaluated a
number of analogs and potential oral prodrugs of these three compounds for their ability to inhibit the rep-
lication of vaccinia virus or cowpox virus in tissue culture cells. The most-active compounds within the CDV
series were (S)-HPMPA and (butyl L-alaninyl) cyclic HPMPC, with 50% effective concentrations (EC50s) from
4 to 8 �M, compared with 33 to 43 �M for CDV. Although PMEA itself was not active, adefovir dipivoxil
{bis[(pivaloyl)oxymethyl] PMEA} and bis(butyl L-alaninyl) PMEA were active against both viruses, and bis
(butyl L-alaninyl) PME-N6-(cyclopropyl)DAP and (isopropyl L-alaninyl)phenyl PME-N6-(cyclopropyl)DAP
were the most active compounds tested, with EC50s of 0.1 to 2.6 �M. In the PMPA series, none of the analogs
tested had significantly better activity than PMPA itself. These data indicate that a number of these ANP de-
rivatives have activity against vaccinia virus and cowpox virus in vitro and should be evaluated for their
efficacies in animal models.

The success of the acyclic nucleoside phosphonate analogs
(ANPs) as broad-spectrum antiviral agents with potent and
selective activity in vitro and in vivo is the result of selective
interactions of their diphosphate metabolite, which acts as
both a competitive inhibitor and an alternative substrate with
the viral DNA polymerase. The prototype compounds for this
class of agents are (S)-1-[3-hydroxy-2-(phosphonomethoxy)
propyl]cytosine (HPMPC) (also known as cidofovir [CDV]),
9-[2-(phosphonomethoxy)ethyl]adenine (PMEA) (also known
as adefovir), and (R)-9-[2-(phosphonomethoxy) propyl]ade-
nine (PMPA) (also known as tenofovir). CDV, which is the
best-known member of this class of compounds, and its cyclic
ester cHPMPC have potent and prolonged in vitro and in vivo
activity against several herpesviruses, including herpes simplex
virus types 1 and 2, varicella-zoster virus, cytomegalovirus, and
Epstein-Barr virus (16, 17, 28). CDV is currently approved for
treatment of cytomegalovirus retinitis in patients with AIDS
(26, 32). In addition, CDV is a potent inhibitor of poxvirus
replication in vitro (24, 25, 35) and has been shown to be very
effective against both vaccinia virus (VV) and cowpox virus
(CV) infections in animal models (7, 8, 19, 29, 33, 34; D. C.
Quenelle, D. J. Collins, and E. R. Kern, submitted for publi-
cation). An investigational new drug application was approved
in 2001 for the emergency treatment of smallpox. Potential
nephrotoxicity (27) and poor oral bioavailability (14), however,

may limit its widespread use in the event of a smallpox out-
break. The inhibitory effect of another ANP, PMEA, against
retro-, herpes- and hepadnaviruses has been demonstrated (18,
36). The low oral bioavailability in animals and humans (14) of
this compound, which is a common feature of ANPs, led to the
development of an oral prodrug, adefovir dipivoxil [bis(piv-
aloyl)oxymethyl PMEA], which was recently approved for
treatment of hepatitis B (M. B. McClellan, Letter, JAMA
288:2112, 2002). PMPA, another ANP, has demonstrated an-
tiviral activity against retroviruses and hepadnaviruses (3, 18),
with low cytotoxicity in a variety of human cell types (13). An
oral prodrug of PMPA, tenofovir disoproxil fumarate {bis[(iso-
propoxycarbonyl)oxymethyl] PMPA}, which was approved in
2001 for the treatment of AIDS, has demonstrated potent
antiviral efficacy and a favorable safety profile in these patients
(5).

The effectiveness of this class of compounds as antiviral
agents and the continuing need to discover and develop com-
pounds which may prove useful against orthopoxvirus infec-
tions have led to our evaluation of a number of ANPs and their
cyclic ester prodrugs for their ability to inhibit the replication
of VV and CV in tissue culture cells. Neutralization of the
negative charges on the phosphonyl function in ANPs by sub-
stitution with a lipophilic group(s) generally enhances ANP
permeation through cellular membrane and oral bioavailabil-
ity. For this purpose, the alkyloxycarbonylphenyl prodrugs of
cHPMPC (30), lipophilic alkoxyalkyl esters of cHPMPC (6,
24), and bis(amidate) and aryl ester amidate prodrugs of ANPs
(2, 11, 25) were investigated. In the latter two groups, phos-
phonamidates derived from alkyl L-alanine exhibit potent ac-
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tivities. The purpose of our studies was to determine the ac-
tivity of a variety of the prodrugs of CDV, PMEA, or PMPA
and/or related substituted ANPs against two orthopoxviruses,
VV and CV. In our laboratory, a plaque reduction assay was
utilized to determine the inhibitory activity (50% effective con-
centration [EC50]), while a neutral-red uptake assay was used
for assessing compound cytotoxicity (50% cytotoxic concentra-
tion [CC50]). The selectivity index (SI), which expresses the
activity of a compound by taking into account both its efficacy
and cytotoxicity, was determined for a number of these com-
pounds. The results of these studies will hopefully provide
information regarding new active compounds that may also be
active orally and could be candidates for development as new
therapeutic agents for poxvirus infections.

MATERIALS AND METHODS

Compounds. All compounds were provided by Gilead Sciences, Foster City,
Calif., through the Antiviral Substances Program, National Institute of Allergy
and Infectious Diseases, National Institutes of Health (Bethesda, Md.). They
were prepared by procedures described elsewhere (2, 11, 12, 24, 30). N6-substi-
tuted PMEDAPs were prepared according to the method of Holý et al. (22). The
chemical structures and descriptive names are presented in Fig. 1.

Virus pools, media, and cells. VV strain Copenhagen and CV strain Brighton
stock pools were obtained from John Huggins of U.S. Army Medical Research
Institute of Infectious Diseases, Frederick, Md. These pools had been prepared
in Vero cells and were diluted in our laboratory to prepare the working stocks.
VV strains WR and NYC were obtained from the American Type Culture
Collection, Manassas, Va., and were propagated in human foreskin fibroblasts
(HFF). These cells were prepared as primary cultures from freshly obtained
newborn human foreskins (UAB or Brookwood Hospital, Birmingham, Ala.) as
soon as possible after circumcision. Vero cells were obtained from the American

FIG. 1. Chemical structures and descriptive names of ANPs.
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Type Culture Collection. Culture medium for both cell lines was Eagle’s minimal
essential medium (EMEM) containing 10% fetal bovine serum (FBS) and stan-
dard concentrations of L-glutamine, penicillin, and gentamicin.

Plaque reduction assay (efficacy). Two days (HFF) or 1 day (Vero) prior to
use, cells were plated into six-well plates and incubated at 37°C with 5% CO2 and
90% humidity. On the day of assay, the drug was made up at twice the desired
concentration in 2� EMEM with 10% FBS and diluted serially 1:5 in 2� EMEM
to provide final concentrations of drug ranging from 100 to 0.032 �g/ml. The
virus to be used was diluted in EMEM containing 10% FBS to a desired con-
centration which would give 20 to 30 plaques per well. The medium was then
aspirated from the wells, and 0.2 ml of virus was added to each well in triplicate,
with 0.2 ml of medium being added to drug and cell control wells. The plates
were incubated for 1 h with shaking every 15 min. After the incubation period,
an equal amount of 1% agarose was added to an equal volume of each drug
dilution. The drug-agarose mixture was added to each well in 2-ml volumes, and
the plates were incubated for 3 days, after which the cells were stained with a
0.02% solution of neutral red in phosphate-buffered saline (PBS). After a 5- to
6-h incubation period, the stain was aspirated and plaques were counted using a
stereomicroscope at a magnification of �10. The MacSynergy II (version 1)
computer program was used to calculate the 50% effective concentration (EC50)
value.

Neutral-red uptake assay (toxicity). Twenty-four hours prior to assay, HFF
were plated into 96-well plates at a concentration of 2.5 � 104 cells per well.
After 24 h, the medium was aspirated and 125 �l of each drug concentration in
EMEM with 2% FBS was added to the first row of wells and then diluted serially
1:5 using the Beckman BioMek Liquid Handling System. Final drug concentra-
tions ranged from 100 to 0.032 �g/ml. The plates were incubated for 7 days in a
CO2 incubator at 37°C, the medium-drug mixture was aspirated, 200 �l of 0.01%

neutral red in PBS was added to each well, and the plates were incubated for 1 h.
The dye was aspirated and the cells were washed with PBS using a Nunc plate
washer. After removing the PBS, 200 �l of 50% ethanol–1% glacial acetic acid
(in H2O) was added to each well. The plates were placed on a rotary shaker for
15 min, and the optical densities were read at 540 nm on a Bio-tek plate reader.
The concentration of drug that reduced cell viability by 50% (CC50) was calcu-
lated using the software indicated previously.

RESULTS

In order to identify compounds with oral activity and re-
duced toxicity, we evaluated a number of ANPs that are either
derivatives or prodrugs of the parent drugs CDV, PMEA, or
PMPA. In these studies we evaluated the compounds for effi-
cacy against VV and CV infections in vitro and also deter-
mined their cytotoxicity for human cells. In the first series of
experiments, we determined the activity of a variety of CDV
analogs (Table 1). CDV, cyclic CDV (cHPMPC) and 2-(butyl-
oxycarbonyl) phenyl cHPMPC had similar EC50s and SI values
for both VV and CV in HFF. As indicated from previous
studies (16, 35), (S)-HPMPA was active against VV and, as
presented in this study, was also effective against CV, exhibit-
ing the most activity in this series, with EC50s of 3.5 and 5.0 �M
and SI values of 77 and 54 for VV and CV, respectively. Both

FIG. 1—Continued.
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diastereomers of (ethyl L-alaninyl) cHPMPC (isomers I and II)
showed virtually indistinguishable results, whereas (phenethyl
L-alaninyl) cHPMPC (mixture of diastereomers) and (butyl
L-alaninyl) cHPMPC were five- to sevenfold more active than
HPMPC. All compounds were nontoxic or only slightly toxic in
HFF at the concentrations tested.

Although PMEA was not active against VV or CV, all other
related ANP prodrugs tested exhibited activity against VV as
seen in Table 2. Bis[(pivaloyl)oxymethyl] PMEA (adefovir dip-
ivoxil) and a bis(butyl L-alaninyl) PMEA were both active, with
EC50s of 4.4 to 13 �M. Similarly, the 2,6-diaminopurine analog
of PMEA (PMEDAP) was inactive, whereas N6-cyclopropyl
(GS 8369), N6-(2-propenyl) (GS 8370), N6-(trifluoroethyl)
(GS 8367), and N6-(dimethyl) (GS 8368) derivatives were ef-
ficacious against VV, but less active against CV. Of particular
interest were the results obtained with bis(butyl L-alaninyl)
PME-N6-(cyclopropyl)DAP (GS 8361) and (isopropyl L-alani-
nyl) phenyl PME-N6-(cyclopropyl)DAP (GS 17432). Antiviral
activity was greatest for bis(butyl L-alaninyl) PME-N6-(cyclo-
propyl)DAP (GS 8361) (EC50 of 0.08 �M for VV and 0.26 �M
for CV) with some cytotoxicity (CC50 of 49 �M) but had SI
values of 613 for VV and 189 for CV. The ANP (isopropyl
L-alaninyl) phenyl PME-N6-(cyclopropyl)DAP (GS 17432) was
very active against both VV and CV, with a lesser degree of
cytotoxicity, and SI values of �190 against VV and �80 against
CV. Not unexpectedly, the compounds with the best antiviral
activities were generally the most toxic.

PMPA and its oral prodrug tenofovir disoproxil fumarate
{bis[(isopropoxycarbonyl)oxymethyl] PMPA}, were both inac-
tive against VV and CV replication. In this case, the analogous
prodrug (isopropyl L-alaninyl) phenyl PMPA was only margin-
ally active, with SI values of �6.1 and �1.4 for VV and CV,
respectively (Table 3).

In the event that VV Copenhagen is not a representative VV
strain for antiviral evaluation, active compounds were also test-
ed against two additional strains of VV (Table 4). This could
not be done for CV since Brighton is the only strain available.
The compounds CDV, (S)-HPMPA, bis(butyl L-alaninyl) PMEA
(GS 8357), bis(butyl L-alaninyl) PME-N6-(cyclopropyl)DAP
(GS 8361), and, to a slightly lesser extent, PME-N6-(dimethyl)
DAP (GS 8368) and PME-N6-(2-propenyl)DAP (GS 8370)
had essentially identical EC50s for all three strains of VV. For
the remaining compounds, EC50s were comparable for at least
two strains, most often the WR and NYC strains. Interestingly,
in several of these instances, the EC50 was lower for the Co-
penhagen strain, lending credence to the use of this strain in
screening assays.

Selected compounds were also tested in Vero cells for com-
parison purposes since our testing is performed in HFF, while
Vero cells appear to be the host cells of choice in other labo-
ratories. Similar results were seen for all compounds tested in
both cell lines. Compounds found to be active or inactive in
HFF were found to be correspondingly active or inactive in
VERO cells (data not presented). We have reported previ-

TABLE 1. Efficacies and cytotoxicities of HPMPC and related ANPs against VV and CV in HFF

Compound GS no.a CC50 (�M)b
VV CV

EC50 (�M)b SIc EC50 (�M) SI

HPMPC (CDV) GS 0504 278 � 9.2 33 � 9.1 8.4 43 � 2.5 6.5
cHPMPC GS 0930 �302 � 0 38 � 11 �7.9 48 � 8.0 �6.3
(S)-HPMPA GS 0577 269 � 21 3.5 � 2.8 77 5.0 � 4.7 54
2-(Butyloxycarbonyl)phenylcHPMPC GS 3857 �213 � 22 32 � 13 �6.7 34 � 4.2 �6.3
(Butyl-L-alaninyl)cHPMPC GS 8262 �153 � 57 4.6 � 0.8 �33 8.4 � 5.3 �18
(Phenethyl-L-alaninyl)cHPMPC (mixed diastereomers) GS 7356 207 � 18 7.1 � 0.3 29 6.8 � 1.8 30
(Ethyl-L-alaninyl)cHPMPC (isomer I) GS 7357 �276 � 23 15 � 13 �18 27 � 6.5 �10
(Ethyl-L-alaninyl)cHPMPC (isomer II) GS 7358 �278 � 0 15 � 11 �19 26 � 3.5 �11

a GS, Gilead Sciences.
b Values are the means of two or more assays � standard deviation.
c SI � CC50/EC50.

TABLE 2. Efficacies and cytotoxicities of PMEA and related ANPs against VV and CV in HFF

Compound GS no.a CC50 (�M)b
VV CV

EC50 (�M)b SIc EC50 (�M) SI

PMEA GS 0393 �366 � 0 �366 � 0 — �366 � 0 —
Bis[(pivaloyl)oxymethyl]PMEA GS 0840 117 � 27 5.1 � 0.7 23 13 � 8.8 9.0
Bis (butyl-L-alaninyl)PMEA GS 8357 100 � 27 4.4 � 0.2 23 10 � 8.2 10
PMEDAP GS 0573 �339 � 12 204 � 15 1.7 �347 � 0 —
PME-N6-(cyclopropyl)DAP GS 8369 �263 � 59 23 � 6.9 �11 28 � 13 �9.4
Bis(butyl-L-alaninyl)PME-N6-(cyclopropyl)DAP GS 8361 49 � 33 0.08 � 0.01 613 0.26 � 0.2 189
(Isopropyl-L-alaninyl)phenyl-PME-N6-(cyclopropyl)DAP GS 17432 �209 � 69 1.1 � 0.3 �190 2.6 � 1.9 �80
PME-N6-(trifluoroethyl)DAP GS 8367 �270 � 0 42 � 11 �6.4 �270 � 0 —
PME-N6-(dimethyl)DAP GS 8368 �316 � 0 35 � 1.6 �9.0 53 � 8.3 �6.0
PME-N6-(2–propenyl)DAP GS 8370 �305 � 0 25 � 0.9 �12 115 � 78 �2.7

a GS, Gilead Sciences.
b Values are the means of two or more assays � standard deviation.
c SI � CC50/EC50.
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ously similar results with a series of other antiviral agents (24),
which further supports the use of human cells in evaluating
antiviral compounds.

DISCUSSION

The cessation of routinely vaccinating the population against
smallpox after the global eradication of that disease more than
20 years ago (9) has left the population vulnerable to the
deliberate use of smallpox as a biological weapon or to an
unanticipated spread of an indigenous agent like monkeypox
virus to other parts of the world (10, 23). The potential threat
of such occurrences has led to the search for antiviral therapy
that could be effective and deployed rapidly. Compounds such
as ribavirin, interferon, and idoxuridine, which have been used
to treat such diseases as hepatitis C, respiratory syncytial virus
in infants, multiple myeloma, and herpes simplex virus infec-
tions of the inner eyelid and corneas (20, 21, 31), have been
identified as having some activity against poxviruses (15, 19).
Unfortunately, none of these compounds are good candidates
for further development and use against poxvirus infections for
a variety of reasons, including lack of clear efficacy, toxicity, or
availability. Consequently, there is a continued need to de-
velop new and better modes of therapy for poxvirus infection.

Currently, the drug of choice for the treatment of orthopox-
virus infections is CDV. It has relatively good activity against
all poxviruses tested including monkeypox virus and variola
virus (1) and also has good activity in animal models using VV
and CV (7, 8, 19, 29, 33, 34; D. J. Collins, D. C. Quenelle, and

E. R. Kern, Program Abstr. 14th Int Conf. Antivir. Res. 50:
A70, 2001; Quenelle et al., submitted). A noted limitation to
the use of CDV is the potential for nephrotoxicity observed in
some patients during the treatment of cytomegalovirus retini-
tis. Toxicity may be of lesser consequence for poxvirus infec-
tions, however, due to infrequent dosing over a short duration.
Of more probable importance is the necessity of giving the
drug intravenously because of its lack of activity after oral
administration due to poor absorption. However, recent stud-
ies suggest that this drug is very effective when administered by
aerosol to animals before or after infection with aerosolized
CV (8). These data indicate that aerosolized CDV may be
useful for prophylaxis or early postexposure treatment of or-
thopoxvirus infections.

Since the major limitation to the benefit of CDV for the use
in the emergency treatment of smallpox is its lack of oral
activity, new investigations have focused on chemically modi-
fying CDV so that it has better oral absorption, distribution,
and penetration into critical target organs. One such approach
has been to prepare ether lipid analogs of CDV or cyclic CDV.
These analogs have been shown to increase antiviral activity to
poxviruses (24) and herpesviruses (6) several fold. In addition,
the analogs are effective orally in rodents and have superior
tissue distribution over CDV (K. L. Winegarden, S. L. Ciesla,
K. A. Aldern, J. R. Beadle, and K. Y. Hostetler, Program
Abstr. 15th Int. Conf. Antivir. Res. 53:A67, 2002).

An alternative approach used in these studies was to deter-
mine the activity of other ANPs as well as a series of their
prodrugs synthesized to enhance their oral absorption. The

TABLE 3. Efficacies and cytotoxicities of PMPA and related ANPs against VV and CV in HFF

Compound GS no.a CC50 (�M)
VV CV

EC50 (�M) SIb EC50 (�M) SIb

PMPA GS 1278 �300 �300 — �300 —
Bis[(isopropoxycarbonyl)oxymethyl]PMPA GS 4331 �157.4 �157.4 — �157.4 —
(Isopropyl-L-alaninyl)phenyl PMPA GS 7340 �143 23.5 �6.1 98.9 �1.4

a GS, Gilead Sciences.
b SI � CC50/EC50.

TABLE 4. Activities of ANPs against VV in HFF

Compound GS no.a
EC50 (�M) for VV strain:

Copenhagen WR NYC

HPMPC (CDV) GS 0504 33 32 36
cHPMPC GS 0930 38 46 16
(S)-HPMPA GS 0577 3.5 7.6 5.9
2-(Butyloxycarbonyl)phenyl-cHPMPC GS 3857 32 11 24
(Phenethyl L-alaninyl)cHPMPC (mixed diastereomers) GS 7356 7.1 15 16
(Ethyl-L-alaninyl)cHPMPC (isomer I) GS 7357 15 27 27
(Ethyl-L-alaninyl)cHPMPC (isomer II) GS 7358 15 31 28
Bis[(pivaloyl)oxymethyl]PMEA GS 0840 5.1 18.5 23
Bis(butyl-L-alaninyl)PMEA GS 8357 4.4 4.4 5.1
PMEDAP GS 0573 204 128 122
PME-N6-(cyclopropyl)DAP GS 8369 23 18 12
Bis(butyl-L-alaninyl)PME-N6-(cyclopropyl)DAP GS 8361 0.08 0.12 0.14
PME-N6-(trifluoroethyl)DAP GS 8367 42 38 50
PME-N6-(dimethyl)DAP GS 8368 35 22 34
PME-N6-(2-propenyl)DAP GS 8370 25 23 16

a GS, Gilead Sciences.
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best compound identified in our studies was adefovir dipivoxil.
It was recently approved for use in hepatitis B virus infections
and is available commercially. Importantly, it is active when
given orally and appears to be relatively nontoxic (4). Although
it is quite active against the orthopoxviruses in vitro, it still
needs to be evaluated in murine and nonhuman primate mod-
els of poxvirus infections. Some other compounds identified
in these studies as potential antiviral agents for poxvirus
infections are the prodrugs of cHPMPC and PMEDAP. In
particular, bis(butyl-L-alaninyl)PME-N6-(cyclopropyl)DAP
(GS 8361) was the most active of all the phosphonate nucleo-
tides in tissue culture that we have tested. Animal model stud-
ies to determine efficacy as well as its metabolic and pharma-
cokinetic properties need to be carried out on these and other
compounds before their potential for use in treatment of pox-
virus infections in humans is known.

The results of these studies indicate that many of the nucle-
oside phosphonates have potent and selective activity against
orthopoxvirus infections. In particular, adefovir dipivoxil, which
is active and orally bioavailable and is already approved for use
in humans, should be considered a high priority for further
evaluation as a treatment for smallpox and complications of
VV vaccination.
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