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Abstract

A series of nucleoside analogues were tested for in vivo anti-papillomavirus activity using the cottontail rabbit
papillomavirus (CRPV) domestic rabbit model. Compounds were delivered either topically, injected into growing
papillomas, or delivered subcutaneously at a site remote from the papillomas. Compounds tested included cidofovir
[(S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine] (HPMPC); cyclic HPMPC (cHPMPC); cyclopentenylcy-
tosine  (CPE-C); lobucavir  [1R(10,2B,30)]-9-[2,3-bis(hydroxymethyl)cyclobutyl]guanine;  9-((2-phosphonyl-
methoxy)propyl)adenine (PMPA); adefovir 9-((2-phosphonylmethoxy)ethyl)adenine(PMEA) and cyclopropyl
9-(2-phosphonylmethoxyethyl)-2,6-diaminopurine (cyclopropylPMEDAP). Dose response curves and time-course
treatments were included for most compounds tested. Strong anti-viral activity was detected using cidofovir and
cHPMPC when delivered either topically or by the intralesional route. Complete cures were obtained using 1% (w/v)
topical cidofovir at dosing schedules of twice daily for 8 weeks beginning at 4 weeks after CRPV infection, which
represents a time when papillomas were clearly visible. Complete cures of large established papillomas were obtained
by intralesional injection of 1% cidofovir three times per week for 8 weeks. Topical treatments with adefovir had
strong anti-viral activity, cyclopropyl PMEDAP had moderate anti-viral activity, and CPE-C, PMPA and lobucavir
showed no effects. These data indicate that certain nucleoside analogues have strong in vivo anti-papillomavirus
activity and that the CRPV/rabbit model is a good model for assessing clinical responses of anti-viral treatments for
patients with HPV disease. © 2000 Elsevier Science B.V. All rights reserved.
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100 HPV types have been described, and life-
threatening disease can result from increased risk
of squamous cell carcinoma of human ano-genital
tissues and skin, as well as from mass obstruction
in juvenile laryngeal papillomatosis (reviewed in
(Schiffman et al., 1993; zur Hausen, 1994)). Many
new HPV types are still being characterized, and
increased associations with additional human can-
cers such as non-melanoma skin cancers have
been indicated (Shamanin et al., 1996; de Villiers
et al., 1997, Harwood et al., 2000). The risk of
initial infection, as well as the growth and pro-
gression to malignancy are markedly enhanced in
patients with suppressed immunity.

Current clinical treatments for HPV infections
involve lesion destruction. These procedures in-
clude excision using scalpel, lazer, freezing, or
lesion ablation with toxic agents applied topically
and/or intralesionally (trichloroacetic acid, phe-
nol, salicylic acid, podophyllin, 5-fluorouracil,
acyclic nucleotides and podofilox), as well as
photo-dynamic therapy (Abramson et al., 1994).
Additional strategies include locally applied im-
mune modulators such as Imiquimod and inter-
feron o (Gross, 1988; Sand Petersen et al., 1991;
Cirelli and Tyring, 1994; Edwards et al., 1998;
Arany et al.,, 1999). Recurrence rates are very
high, usually greater than 50% (Auborn and
Steinberg, 1990; Baker and Tyring, 1997). In addi-
tion, subclinical infections often go undetected
and untreated. These latter infections may be
reactivated by a variety of poorly characterized
events and agents such as environmental carcino-
gens and/or co-factors, UV-irradiation, hor-
mones, wounding, immune suppression and other
STD agents to produce new active clinical disease.
Thus, the current treatments are unsatisfactory,
and there is an urgent need to develop drugs with
greater efficacy and specificity.

Nucleoside analogues targeting DNA and RNA
polymerases have been tested extensively for anti-
viral activity (De Clercq, 1991, 1997; Naesens et
al., 1997). We have used the cottontail rabbit
papillomavirus (CRPV) domestic rabbit model
(Shope and Hurst, 1933) for testing a variety of
anti-viral compounds (Kreider et al., 1990, 1992;
Kreider and Pickel, 1993; Kreider and Chris-
tensen, 1994; Okabayashi et al., 1993). Previously

tested compounds included 9-(2-phosphonyl-
methoxy)ethyl)guanine (PMEG), podophyllin,
podophyllotoxin, matrigel S5-fluorouracil, and sev-
eral immune modulators. The rabbit model has
also been tested by other investigators for anti-vi-
ral activity of ribavirin (Ostrow et al., 1992),
bryostatin 1 (Bodily et al., 1999), CTC-96 (Ostrow
et al., 1994), photodynamic activators (Shikowitz
et al., 1986, 1988; Lofgren et al., 1994, 1995) and
more recently, with cidofovir (Christensen and
Kreider, 1999; Duan et al., 2000). The data indi-
cated that the model is robust and reliable, and
demonstrated clinical correlates for the treatment
of HPV-related disease. We have tested anti-viral
activity of a variety of nucleoside analogues in-
cluding cidofovir in the CRPV/rabbit model over
several years, and the goal of this report is to
present a summary of these findings.

2. Materials and methods
2.1. Anti-viral compounds

Compounds assessed for anti-viral activity in
the CRPV/rabbit model included; cidofovir [(S)-
1-(3-hydroxy -2 -phosphonylmethoxypropyl)cyto-
sine] (HPMPC); cyclic HPMPC (cHPMPC); cy-
clopentenylcytosine (CPE-C); lobucavir [IR(1a,
2B,3%)]-9-[2,3 - bis(hydroxymethyl)cyclobutyl]gua-
nine;  9-((2-phosphonylmethoxy)propyl)adenine
(PMPA); adefovir 9-((2-phosphonylmethoxy)-
ethyl)adenine(PMEA); 9-((2-phosphonylmethoxy)-
ethyl)guanine (PMEG) and cyclopropyl 9-(2-
phosphonylmethoxyethyl)-2,6-diaminopurine (cy-
clopropyIPMEDAP). PMEG, PMEA, HPMPC,
cHPMPC and cyclopropyl PMEDAP were ob-
tained from Gilead Sciences, Foster City, CA, in
saline (0.9% NaCl) solution. Lobucavir was ob-
tained from Westwood-Squibb Pharmaceuticals,
Buffalo, NY. Lobucavir and CPE-C were pre-
pared in saline solution.

2.2. CRPV infection model
The CRPV/rabbit model (Kreider and Bartlett,

1981) was used to assess anti-viral activity. A
standardized testing procedure was used as previ-
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ously described (Kreider et al., 1990, 1992; Chris-
tensen and Kreider, 1999). Outbred NZW rabbits
of both sexes were purchased from Covance Re-
search Products, Inc., (Denver, PA), and main-
tained in the animal facility of the Pennsylvania
State University College of Medicine. All the ani-
mal care and handling procedures were approved
by the Institutional Animal Care and Use Com-
mittee of the Pennsylvania State University.
Stocks of CRPYV virus were prepared from CRPV-
infected cottontail rabbit skin xenografts trans-
planted into athymic mice (Christensen and
Kreider, 1990). The infectious titer of these stocks
was determined biologically by infection of NZW
rabbits with 10-fold dilutions of virus extract. A
dilution between 1:1000 and 1:10 000 represented
the EC,, infectious dose.

To assess anti-viral activity of compounds, 4
papillomas per rabbit were produced on the
shaved surface of each rabbit. Briefly, rabbits
were lightly anesthetized with a mixture of Ke-
tamine HCI (40 mg/kg) and xylazine (5 mg/kg),
and their backs shaved with an electric clippers.
Two sites on each side of the flanks of the mid-
dorsum, were scarified with a scalpel until
abraded areas of approximately 1 x 1 cm were
produced. The two anterior papillomas on each
side were induced with a dilution of 10~!' CRPV
extract, whereas the two posterior papillomas
were induced with a dilution of 10~ 2. Papillomas
typically appeared 14 days after infection with
10~ ! CRPV extract, and between days 21 and 28
with 10~ 2 extract. Each scarified site received 50
pl of papilloma extract, rubbed gently into the
wound. The animals were observed, beginning at
3 weeks, for the development of papillomas. Pa-
pillomas were measured weekly, in three dimen-
sions (length x height x width in mm) and the
geometric mean diameter (GMD) in mm calcu-
lated. For the purposes of this study, a ‘cure’ was
identified as the elimination of the clinical signs of
papilloma. We do not imply that the lesions have
been permanently cured.

2.3. Anti-viral testing

In our standard testing regime, animals were
assigned to experimental groups, in groups of five.

Topical drugs were applied with an Eppendorf
pipette in volumes of 100 pl, drop-wise, covering
the papilloma surface. For the compounds that
were tested topically, we treated the left-side sites,
leaving the right-side sites untreated as integral
controls. Placebo-treated rabbits were included in
each experiment to compare possible systemic ef-
fects on the untreated control sites in the test
groups. For systemic treatments, separate groups
of rabbits were used for control treatments. In-
tralesional delivery consisted of direct injection of
100 pl of compound into the base of the papil-
loma in two to three places, depending upon the
size of the papillomas under treatment. Systemic
delivery consisted of subcutaneous injection of
compounds in 100 pl doses at sites remote from
the papillomas.

For all inoculations, rabbits were provided with
plastic ‘Elizabethan’ collars to prevent licking or
chewing of the papillomas. This prevented the
possibility of severe toxicity and possible death by
ingestion of topically applied compounds. In ad-
dition, ‘noise’ in the data due to chewing of
papillomas was prevented even if the drug was
given systemically.

2.4. Statistical analyses and data presentation

Groups of five rabbits were inoculated with
CRPV at four sites per rabbit, and at two differ-
ent concentrations of virus per rabbit (as de-
scribed above). For each drug dilution there were
5 papillomas (five rabbits) that were measured
weekly to assess anti-viral effects. Statistical anal-
ysis of mean papilloma size (GMD) over time was
compared with the mean size of control-treated or
untreated papillomas wusing Student’s 7-test.
Statistical analyses and plots were prepared using
SigmaPlot 4.0 software program. Experimental
data were presented as the mean (of GMD val-
ues) + S.E.M. of papilloma sizes for each dose of
compound plotted against time after CRPV infec-
tion. An anti-viral effect was determined as a
statistically significant reduction in papilloma size
of treated versus untreated papillomas. Anti-viral
effects that were presented in tabular form were
described as the percentage reduction in mean
papilloma size of treated versus untreated or
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placebo-treated papillomas at the end of the ex-
perimental treatment phase.

We used a CRPV isolate (Rous and Beard,
1935; Salmon et al., 1997) that produced very low
numbers of spontaneous regressions (4/220 or 2%
of our rabbits have shown spontaneous regres-
sion-pooled data from several experiments). Low
numbers of spontaneous regressions allowed us to
use a smaller number of rabbits per drug treat-
ment since almost all rabbits contained untreated
or placebo-treated papillomas that continued to
grow with time.

3. Results
3.1. Anti-viral activity of cidofovir and cHPMPC

The anti-papillomavirus activity of cidofovir
(HPMPC) has been tested extensively in the
CRPYV rabbit model in our laboratory over sev-
eral years, and a summary of these findings are
presented in this report. Several experiments with
cidofovir activity on CRPV-induced papillomas
have been reported recently (Christensen and
Kreider, 1999; Duan et al., 2000). An overview of
the various experiments describing dosing sched-
ules and routes of administration are presented in
Table 1. Both cidofovir and cHPMPC showed
strong anti-papillomavirus activity against CRPV-
induced papillomas. In experiments where dosing
schedules were identical, cidofovir was slightly
more effective than cHPMPC.

Topical dosing schedules indicated that 1% cid-
ofovir applied once daily for 8 weeks cured all
papillomas if the treatments were started 15 days
after infection (Fig. 1). Incomplete cures (two of
the four sites with complete cures) were obtained
with the lower dose of 0.1% cidofovir (Fig. 1B).
At this time point for treatment initiation, papil-
lomas are not usually visible or are just beginning
to erupt. However, if the same treatment schedule
was initiated at the later time point of 28 days
after viral infection when the papillomas are
clearly visible, growth suppression was weak
(Table 1). In contrast, twice daily treatments with
1% cidofovir beginning at 28 days after infection
led to the complete cure of papillomas (Fig. 2). At

this later start time for treatment, 0.1% cidofovir
was ineffective.

Systemic delivery of cidofovir at sites remote
from the papilloma led to significant growth sup-
pression without cure (Fig. 3A). The highest dose
of cHPMPC (225 mg/kg per week) showed the
greatest anti-viral effect. Significant toxicity as
determined by general poor appearance of the
rabbits together with weight loss was not ob-
served with these systemic treatments, with the
exception of a slight reduction in body weight
gain (P =0.04 for one time point only) for the
highest dose of cHPMPC (Fig. 3B).

Intralesional 1% cidofovir three times per week
for 6-9 weeks was especially effective, and cured
large established papillomas (Fig. 4). For sites
initiated with 10 ~! CRPV extract, six of the eight
sites were cured, but continuous treatment for 5
weeks was needed before lesion reduction began
(Fig. 4A). In contrast, sites infected with 102
CRPYV extract, seven of the eight sites were cured,
most within a 4-week treatment period (Fig. 4B).
Although the control sites were not injected with
saline in these experiments, our previous studies
have shown no reduction in papilloma growth
with intralesional saline treatment (data not
shown).

3.2. Anti-viral activity of other nucleoside
analogues

We have tested topical applications of several
other nucleoside analogues on the potential in-
hibitory activity against CRPV-induced papillo-
mas (Table 2). Only adefovir and cyclopropyl
PMEDAP showed anti-papillomavirus activity,
but at the doses tested the responses were moder-
ate with no cures (data not shown). Several com-
pounds showed no anti-papillomavirus activity
including lobucavir, PMPA and CPE-C. Lack of
anti-viral activity was observed even when treat-
ments were begun at 15-21 days after infection.
This early treatment initiation was at a time when
papillomas were either latent or very small and
thus represented a minimal therapeutic challenge
for the compound. One point of note here is that
we did not check whether these compounds pene-
trated into the papilloma tissue. However, since



N.D. Christensen et al. / Antiviral Research 48 (2000) 131142 135
Table 1
Summary of experimental treatments of CRPV-induced papillomas with cidofovir and cHPMPC
Experiment #  Treatment Compound(s)  Duration and frequency of Outcome®
regime treatment®
1 Topical HPMPC 0.1 and 1.0% QD 5 days, 8 weeks, 0.1% — Hi (14% reduction); Lo
beginning day 15 (56% reduction) Fig. 1B
1.0% — Hi (76% reduction®); Lo
(100% reduction®) Fig. 1C
2 Topical HPMPC 0.1 and 1.0% BID 5 days, 8 weeks, 0.1% — Hi (29% reduction); Lo
beginning day 28 (68% reduction)
1.0% — Hi (87% reduction®); Lo
(100% reduction®)
3 Topical HPMPC 0.1, 0.3 and 1.0% BID 5 days, 8 0.1% — Hi (0% reduction); Lo
weeks, beginning day 28 (37% reduction) Fig. 2B
0.3% — Hi (60% reduction); Lo
(62% reduction)
1.0% — Hi (100% reduction®); Lo
(100% reduction®) Fig. 2C
4 Topical HPMPC 1.0, 3.0 and 5% QW and BIW, 8 1% — Hi (QW 0% reduction; BIW
weeks, beginning day 28 44% reduction)
1% — Lo (QW 66% reduction;
BIW 53% reduction)
3% — Hi (QW 4% reduction; BIW
60% reduction)
3% — Lo (QW 33% reduction;
BIW 100% reduction®)
5% — Hi (QW 29% reduction;
BIW 19% reduction)
5% — Lo (QW 82% reduction®;
BIW 91% reduction®)
5 Topical HPMPC, 1% HPMPC and cHPMPC QD 5 1% — QD, Hi (46% reduction®,
cHPMPC days, 8 weeks, beginning day 28. HPMPC; 63% reduction®,
1% HPMPC and cHPMPC BIW, cHPMPC)
8 weeks, beginning day 28
1% — QD, Lo (61% reduction,
HPMPC; 47% reduction, cHPMPC)
1% — BIW, Hi (42% reduction,
HPMPC; 0% reduction, cHPMPC)
1% — BIW, Lo (38% reduction,
HPMPC; 19% reduction, cHPMPC)
6 Sub—-cutaneous HPMPC 1, 3 and 25 mg/kg MWFe, 8 1 mg/kg — Hi (15% reduction®);
(systemic) weeks, beginning day 21 (no body Lo (30% reduction)
weight loss)
3 mg/kg — Hi (14% reduction); Lo
(5% reduction)
25 mg/kg — Hi (45% reduction®);
Lo (56% reduction®)
7 Sub-cutaneous HPMPC and 25 mg/kg HPMPC and cHPMPC; 25 mg/kg — Hi (32% reduction®,
(systemic) cHPMPC 75 mg/ml and 225 mg/ml HPMPC; 33% reduction®,

cHPMPC, QW, 8 weeks beginning
day 21 (Fig. 4)

cHPMPC)

25 mg/kg — Lo (50% reduction®,
HPMPC; 51% reduction®,
cHPMPC)
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Table 1 (Continued)

Experiment #  Treatment Compound(s)  Duration and frequency of Outcome®
regime treatment®

75 mg/kg — cHPMPC; Hi (17%
reduction; Lo 46% reduction®)
225 mg/kg — cHPMPC; Hi (30%
reduction®; Lo 80% reduction®)

8 Intra-lesional HPMPC 1% MWEF?¢, 6 weeks, beginning Hi (6 cures/8 papillomas treated)

day 35 Fig. 4A

Lo (7 cures/8 papillomas treated)
Fig. 4B

9 Intra-lesional HPMPC 1% MWEF?¢, 9 weeks, beginning Hi (9 cures/10 papillomas treated)

day 45

Lo (10 cures/10 papillomas treated)

2 Duration of treatment: BID, twice-daily; QD, once daily; BIW, twice weekly, QW, once weekly.
® Impact of treatment on CRPV-induced papillomas. Either as % reduction in mean of GMDs for treated versus untreated or
placebo-treated papillomas; or number of sites cured/number of sites treated. Hi, high-dose virus infected sites; Lo, low-dose virus

infected sites.
¢ P<0.05
4Pp=0.1
¢ Monday, Wednesday, Friday.

cidofovir, cHPMPC, adefovir and cyclopropyl
PMEDAP were delivered in an identical manner
and formulation (saline) it appears that the latter
three compounds have no significant in vivo an-
tiviral effects in the CRPV/rabbit model.

3.3. Drug skin toxicities

Cidofovir (0.1 and 1.0%) and PMEG (0.1%)
were applied in volumes of 100 ul per site BID 5
days per week for a period of 8 weeks to shaved
normal rabbit back skin to assess local skin toxic-
ities. This treatment represented typical dosing
schedules for topical applications to papillomas
with these compounds. Size (length x width) and
induration of the treated sites were measured
weekly, and general observations taken (data not
shown). The data indicated that cidofovir at both
doses induced more irritation than vehicle alone.
The size of the irritated areas were similar for the
cidofovir and PMEG treated sites. However,
PMEG (0.1%) showed the most severe toxicities
including significant tissue necrosis with less ne-
crosis for cidofovir treatments. Histological as-
sessments of the depth of tissue necrosis for the
two treatments were not conducted. In sites that
were cured by topical and/or intralesional cid-
ofovir treatments, local skin blistering with necro-

sis was observed, and this has been reported by
others (Duan et al., 2000). Normal skin epithe-
lium was re-established within 1-2 weeks after
treatment cessation for these sites (data not
shown).

4. Discussion

Anti-viral activity of cidofovir and other nu-
cleoside analogues were tested using the CRPV/
rabbit model. Cidofovir is a cytidine nucleotide
analogue with a wide spectrum of anti-viral activ-
ity in vitro and in vivo (Safrin et al., 1999; De
Clercq, 1997). Recent clinical trials have been
initiated to treat HPV infections including juve-
nile laryngeal papillomatosis (Van Cutsem et al.,
1995; Snoeck et al., 1998; Wilson et al., 2000),
ano-genital HPV infections (Snoeck et al., 1995,
2000; Hengge and Tietze, 2000; Schurmann et al.,
2000) and lesions of patients with epidermodys-
plasia verruciformis (Preiser et al., 2000). Cid-
ofovir delivered topically and intralesionally has
shown encouraging but variable responses (Van
Cutsem et al., 1995; Snoeck et al., 1995, 1998,
2000; Preiser et al., 2000; Wilson et al., 2000).
Variation in clinical responses may be due in part
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Fig. 1. Topical treatment of left-side papillomas initiated with
10~ 2 dilution of CRPV extract. Five papillomas from five
rabbits per treatment group were given daily topical applica-
tions of saline (A), 0.1% cidofovir (B) or 1% cidofovir (C) for
5 days per week for 8 weeks beginning on day 15. Mean +
S.E.M. of papilloma size as determined from geometric mean
diameters (GMDs) was plotted against time in days after
CRPV infection. Treated papillomas for each group were
compared with mean GMDs of untreated contralateral control
papillomas by Student’s 7-test. For 0.1% cidofovir treatments,
two of the four sites were cured; for 1% cidofovir treatments,
five of the five sites were cured. Additional data are summa-
rized in Table 1, experiment # 1.

to the variability in dosing schedules and to the
uncertainties as to what is the best therapeutic
dosing regimen for maximum efficacy.

In the studies described here, a variety of deliv-
ery systems including systemic, topical and in-
tralesional treatments at various doses and
schedules were compared over the course of a
number of experiments. Cidofovir showed very
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Vehicle (Saline) treatment
36 2 I 1 L i 2 I 1 2 A
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5 4
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25 4 | —o— Cidofovir 1%
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0 A

Cidofovir (1%) treatments

-5 —T

0 10 20 30 40 50 60 70 80 90 100 110
Days after CRPV challenge

Fig. 2. Topical treatment of left-side papillomas initiated with
10~ ! dilution of CRPV extract. Treatment schedules consisted
of twice-daily topical applications of saline (A), 0.1% cidofovir
(B) or 1% cidofovir (C) for 5 days per week for 8 weeks
beginning on day 28. For 0.1% cidofovir treatments, none of
the five sites were cured; for 1% cidofovir treatments, five of
the five sites were cured. Similar growth suppressions and cure
rates were obtained for papillomas initiated from 10 =2 CRPV
extract (data not shown). Additional data are summarized in
Table 1, experiment # 3.
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Fig. 3. Systemic treatment (once-weekly s.c. injections for 8
weeks beginning on Day 21) of rabbits infected with CRPV
(10~ 2 extract, two sites per rabbit, five rabbits per group)
followed by treatment with 25 mg/kg cidofovir (O); and
cHPMPC at 25 mg/kg (V¥), 75 mg/kg (V), or 225 mg/kg (M),
and untreated (@). Mean + S.E.M. of papilloma size (deter-
mined from GMDs) of 10 papillomas on five rabbits was
plotted against time after CRPV infection (A). Mean body
weights of five rabbits for each treatment group were also
determined (B). Significant reduction in papilloma size was
observed for all treatment groups beginning 4 weeks after
treatment initiation. Additional data are summarized in Table
1, experiment # 7.

strong anti-papilloma effects leading to complete
cures when delivered topically starting from when
papillomas were small to moderate in size. Com-
plete cures of large papillomas were possible by
intralesional delivery of 1% cidofovir. Collec-
tively, these studies demonstrated that systemic
delivery was least effective followed by topical
applications then intralesional delivery which was
the most effective treatment modality. The most
effective topical treatments were achieved when
the twice-daily drug applications were placed onto
small papillomas. This topical dosing regimen was
less effective when started at a later time point

when the papillomas were larger and well-estab-
lished. These data are in very good agreement
with recent studies with cidofovir treatments of
rabbit papillomas (Duan et al., 2000), and illus-
trate the utility and robustness of the CRPV/rab-
bit system as a preclinical model for antiviral
testing. More frequent topical applications of low-
dose cidofovir (1% BID) were also more effective
than less frequent high-dose cidofovir (5% QW).
We also noted that systemic toxicity following
topical and intralesional delivery of cidofovir was
minimal such that the treated rabbits remained in
good health with body weight gain equivalent to

30

A. CRPV 10"
25 -

20 1

Papilloma size (GMD in mm)

36

B. CrRPV 102
25 1

20 1

Papilloma size (GMD in mm)

Intralesional cidofovir (1%)

-5 T T T T
0 20 40 60 80 100
Days after CRPV infection

Fig. 4. Intralesional treatment of large established papillomas
with 1% cidofovir (100 pl per treatment injected into the base
of the papillomas) given three times per week for 8 weeks.
Papillomas were initiated with either 10! extract of CRPV
(A) or 10~2 CRPV extract (B), and intralesional treatments
began 35 days after CRPV infection. At this time point, the
papillomas were substantial in size, with mean diameters from
5 to 12 mm (maximum size of papillomas reached 20—25 mm
in diameter). Individual sites on eight rabbits were treated
intralesionally (@) of left untreated (O) and plotted against
time after CRPV infection. For sites infected with 10 ~! CRPV
extract, six of the eight papillomas were cured, and for 102
sites, seven of the eight papillomas were cured.
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Table 2

Summary of experimental treatments of CRPV-induced papillomas with nucleoside analogues other than cidofovir®

Expt Treatment Compound(s)

# regime

Duration and frequency of treatment

Outcome

10 Topical PMEA

11 Topical PMPA

cyclopropyl
PMEDAP

12 Topical Lobucavir

13 Topical CPE-C
day 15

5% QD 5 days, 8 weeks; 5% BIW 8 weeks,
beginning day 21

0.3, 1 and 5% BID 5 days, 8 weeks,
beginning day 21

0.1 and 1% QD 5 days, 8 weeks, beginning

Hi (QD 0% reduction;
BIW 24% reduction)
Lo (QD 12% reduction;
BIW 76% reduction)

1 and 5% PMPA 0.1%, 0.5 and 1.0% PMPA

1.0% — Hi (0% reduction);
Lo (0% reduction)
5.0% — Hi (0% reduction);
Lo (0% reduction)

Cyclopropyl PMEDAP QD 5 days, 8 weeks, Cyclopropyl PMEDAP
beginning day 21

0.3% — Hi (0% reduction);
Lo (0% reduction)

1.0% — Hi (50% reduction);
Lo (46% reduction)

5.0% — Hi (38% reduction);
Lo (29% reduction)

0.3% — Hi (0% reduction);
Lo (5% reduction)

1.0% — Hi (4% reduction);
Lo (18% reduction)

5.0% — Hi (2% reduction);
Lo (0% reduction)

0.1% — Hi (0% reduction);
Lo (0% reduction)

1.0% — Hi (7% reduction);
Lo (11% reduction)

2 Treatment and outcomes as described in Table 1 legend.

the untreated rabbits. This series of experiments
provide important information for dosing and
scheduling for current and future clinical trials
with cidofovir (Van Cutsem et al., 1995; Snoeck et
al., 1995, 1998, 2000; Preiser et al., 2000; Wilson
et al., 2000).

Several other nucleoside analogues were tested
for anti-papillomavirus activity. In general weak
to no papilloma growth suppression was ob-
tained. We conclude that of the reagents tested
so far in the CRPV/rabbit model, cidofovir is
the most efficacious. Earlier studies with PMEG
(Kreider et al., 1990) also showed strong anti-
viral activity in the CRPV/rabbit model, but
the systemic and local toxicities of PMEG
were severe, and therefore, may exclude this
compound from clinical treatments of HPV infec-
tions.

In most experiments, papilloma measurements
ended at the time of treatment cessation and the
animals were euthanized. For systemic treatments,
serum and tissue samples were taken for toxicity
assessment when needed. Since topical treatments
led to minimal toxicity, no tissue samples were
collected from these studies. In a small number of
experiments, continued monitoring of drug
‘cured’ sites after treatment cessation were con-
ducted to assess recurrence rates. In these latter
studies, papilloma recurrences were observed at
rates of about 50% of cured sites (manuscript
submitted) and were similar in frequency to clini-
cal recurrence rates (Auborn and Steinberg, 1990;
Baker and Tyring, 1997). Therapeutic strategies to
reduce recurrence rates of CRPV-induced papillo-
mas have been initiated and are described else-
where (manuscript submitted).
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The CRPV/rabbit model has been used by us
and other investigators for testing anti-viral
therapies for papillomavirus infections. The
most effective compounds so far included
PMEG (Kreider et al., 1990), podophyllotoxin
(Kreider et al., 1992; Kreider and Pickel, 1993),
cidofovir (Christensen and Kreider, 1999; Duan
et al., 2000, this report) and photodynamic ther-
apy (Shikowitz et al., 1986, 1988; Lofgren et al.,
1994, 1995). Other compounds including rib-
avirin (Ostrow et al., 1992), CTC-96 (Ostrow et
al., 1994), bryostatin-1 (Bodily et al., 1999) and
several nucleoside analogues (this report) were
less effective and/or had no effect. The in vivo
antiviral mechanism of action of the nucleoside
analogues is most likely a cellular cytotoxicity of
the papilloma tissue, since papillomaviruses use
host polymerases for their replication needs
(Schiffman et al.,, 1993; zur Hausen, 1994).
Some in vitro studies have shown that cidofovir
triggers non-specific apoptosis (Andrei et al.,
1998), but it is unclear whether this occurs in
vivo. These combined studies indicate that the
CRPV rabbit system is an effective model to
assess anti-papillomavirus activity (Stanley et al.,
1997) and is especially useful for determining
dosing schedules and different treatment
regimens.

In conclusion, a number of nucleoside ana-
logues were assessed for papillomavirus anti-vi-
ral activity using the CRPV/rabbit model.
Cidofovir and cHPMPC were the most effective,
leading to complete cures with topical and in-
tralesional dosing regimens. Dosing schedules
for topical cures required twice-daily treatments
of 1% cidofovir for 5 days per week for 6-8
weeks, whereas intralesional cures were achieved
with 1% cidofovir, three times per weeks for 6—
9 weeks.

Acknowledgements

These studies were supported by PHS grant
AI85337 from the NIAID, NIH, and the Jake
Gittlen Memorial Golf tournament.

References

Abramson, A.L., Shikowitz, M.J., Mullooly, V.M., Steinberg,
B.M., Hyman, R.B., 1994. Variable light-dose effect on
photodynamic therapy for laryngeal papillomas. Arch.
Otolaryngol. Head Neck Surg. 120, 852-855.

Andrei, G., Snoeck, R., Piette, J., Delvenne, P., De Clercq, E.,
1998. Antiproliferative effects of acyclic nucleoside phos-
phonates on human papillomavirus (HPV)-harboring cell
lines compared with HPV-negative cell lines. Oncol. Res.
10, 523-531.

Arany, 1., Tyring, S.K., Stanley, M.A., Tomai, M.A., Miller,
R.L., Smith, M.H., McDermott, D.J., Slade, H.B., 1999.
Enhancement of the innate and cellular immune response
in patients with genital warts treated with topical
imiquimod cream 5%. Antiviral. Res. 43, 55-63.

Auborn, K.J., Steinberg, B.M., 1990. Therapy of papillo-
mavirus-induced lesions. In: Pfister, H. (Ed.), Papillo-
maviruses and Human Cancer. CRC Press, Boca Raton,
FL, pp. 203-224.

Baker, G.E., Tyring, S.K., 1997. Therapeutic approaches to
papillomavirus infections. Dermatol. Clin. 15, 331-340.
Bodily, J.M., Hoopes, D.J., Roeder, B.L., Gilbert, S.G., Pettit,
G.R., Herald, C.L., Rollins, D.N., Robison, R.A., 1999.
The inhibitory effects of bryostatin 1 administration on the

growth of rabbit papillomas. Cancer Lett. 136, 67-74.

Christensen, N.D., Kreider, J.W., 1990. Antibody-mediated
neutralization in vivo of infectious papillomaviruses. J.
Virol. 64, 3151-3156.

Christensen, N.D., Kreider, J.JW., 1999. Animal models of
papillomavirus infections. In: Zak, O., Sande, M.A. (Eds.),
Handbook of Animal Models of Infection. Academic
Press, London, pp. 1039-1047.

Cirelli, R., Tyring, S.K., 1994. Interferons in human papillo-
mavirus infections. Antiviral. Res. 24, 191-204.

De Clercq, E., 1991. Broad-spectrum anti-DNA virus and
anti-retrovirus activity of phosphonylmethoxyalkylpurines
and  phosphonylmethoxyalkylpyrimiddines. = Biochem.
Pharmacol. 42, 963-972.

De Clercq, E., 1997. Acyclic nucleoside phosphonates in the
chemotherapy of DNA virus and retrovirus infections.
Intervirology 40, 295-303.

de Villiers, E.M., Lavergne, D., McLaren, K., Benton, E.C.,
1997. Prevailing papillomavirus types in non-melanoma
carcinomas of the skin in renal allograft recipients. Int. J.
Cancer 73, 356-361.

Duan, J., Paris, W., De Marte, J., Roopchand, D., Fleet, T.,
Cordingley, M.G., 2000. Topical effects of cidofovir on
cutaneous rabbit warts: treatment regimen and inoculum
dependence. Antiviral. Res. 46, 135-144.

Edwards, L., Ferenczy, A., Eron, L., Baker, D., Owens, M.L.,
Fox, T.L., Hougham, A.J., Schmitt, K.A., 1998. Self-ad-
ministered topical 5% imiquimod cream for external
anogenital warts. HPV Study Group. Human Papillo-
maVirus. Arch. Dermatol. 134, 25-30.

Gross, G., 1988. Interferon and genital warts. J. Am. Med.
Assoc. 260, 2066—2066.



N.D. Christensen et al. / Antiviral Research 48 (2000) 131142 141

Harwood, C.A., Surentheran, T., McGregor, J.M., Spink, P.J.,
Leigh, .M., Breuer, J., Proby, C.M., 2000. Human papil-
lomavirus infection and non-melanoma skin cancer in im-
munosuppressed and immunocompetent individuals. J.
Med. Virol. 61, 289-297.

Hengge, U.R., Tietze, G., 2000. Successful treatment of recal-
citrant condyloma with topical cidofovir. Sex Transm.
Infect. 76, 143.

Kreider, J.W., Bartlett, G.L., 1981. The Shope papilloma-car-
cinoma complex of rabbits: A model system of neoplastic
progression and spontaneous regression. Adv. Cancer Res.
35, 81-110.

Kreider, J.W., Pickel, M.D., 1993. Influence of schedule and
mode of administration on effectiveness of podofilox treat-
ment of papillomas. J. Invest. Dermatol. 101, 614-618.

Kreider, J.W., Christensen, N.D., 1994. Model systems for the
treatment of human papillomavirus infections in athymic
mice. In: Biswal, N., Dempsey, W.L., Lard, S.L., Tra-
chewsky, D. (Eds.), Proceedings of the First Workshop on
Antiviral Claims for Topical Antiseptics. United States
Government Printing Office, pp. 99-106.

Kreider, J.W., Balogh, K., Olson, R.O., Martin, J.C., 1990.
Treatment of latent rabbit and human papillomavirus in-
fections with 9-(2-phosphonylmethoxy)ethylguanine
(PMEG). Antiviral Res. 14, 51-58.

Kreider, J.W., Christensen, N.D., Christian, C.B., Pickel,
M.D., 1992. Preclinical system for evaluating topical
podofilox treatment of papillomas: dose-response and du-
ration of growth prior to treatment. J. Invest. Dermatol.
99, 813-818.

Lofgren, L.A., Ronn, A.M., Abramson, A.L., Shikowitz, M.J.,
Nouri, M., Lee, C.J., Batti, J., Steinberg, B.M., 1994.
Photodynamic therapy using m-tetra(hydroxyphenyl) chlo-
rin. An animal model. Arch. Otolaryngol. Head Neck
Surg. 120, 1355-1362.

Lofgren, L.A., Ronn, A.M., Nouri, M., Lee, C.J., Yoo, D.,
Steinberg, B.M., 1995. Efficacy of intravenous delta-
aminolaevulinic acid photodynamic therapy on rabbit pa-
pillomas. Br. J. Cancer 72, 857-864.

Naesens, L., Snoeck, R., Andrei, G., Balzarini, J., Neyts, J.,
De Clercq, E., 1997. HPMPC (cidofovir), PMEA (ade-
fovir) and related acyclic nucleoside phosphonate ana-
logues: a review of their pharmacology and clinical
potential in the treatment of viral infections. Anti. Chem.
Chemother. 8, 1-23.

Okabayashi, M., Pickel, M.D., Budgeon, L.R., Cladel, N.M.,
Kreider, J.W., 1993. Podofilox-induced regression of Shope
papillomas may be independent of host immunity. J. In-
vest. Dermatol. 101, 852—-857.

Ostrow, R.S., Forslund, K.M., McGlennen, R.C., Shaw, D.P.,
Schlievert, P.M., Ussery, M.A., Huggins, J.W., Faras, A.J.,
1992. Ribavirin mitigates wart growth in rabbits at early
stages of infection with cottontail rabbit papillomavirus.
Antiviral Res. 17, 99-113.

Ostrow, R.S., Coughlin, S., McGlennen, R.C., Liu, Z., Zelter-
man, D., Faras, A.J., 1994. Topical CTC-96 accelerates

wart growth in rabbits infected with cottontail rabbit pa-
pillomavirus. Antiviral Res. 24, 27-35.

Preiser, W., Kapur, N., Snoeck, R., Groves, R.W., Brink,
N.S., 2000. No apparent effect of cidofovir in epider-
modysplasia verruciformis. J. Clin. Virol. 16, 55-57.

Rous, P., Beard, J.W., 1935. Comparison of tar tumors of
rabbits and virus-induced tumors. Proc. Soc. Exp. Biol.
Med. 33, 358-360.

Safrin, S., Cherrington, J., Jaffe, H.S., 1999. Cidofovir. Re-
view of current and potential clinical uses. Adv. Exp. Med.
Biol. 458, 111-120.

Salmon, J., Ramoz, N., Cassonnet, P., Orth, G., Breitburd, F.,
1997. A cottontail rabbit papillomavirus strain (CRPVb)
with strikingly divergent E6 and E7 oncoproteins: an in-
sight in the evolution of papillomaviruses. Virology 235,
228-234.

Sand Petersen, C., Bjerring, P., Larsen, J., Blaaker, J., Hag-
drup, H., From, E., Obergaard, L., 1991. Systemic inter-
feron alpha-2b increases the cure rate in laser treated
patients with multiple persistent genital warts: a placebo-
controlled study. Genitourinary Med. 67, 99-102.

Schiffman, M.H., Bauer, H.M., Hoover, R.N., Glass, A.G.,
Cadell, D.M., Rush, B.B., Scott, D.R., Sherman, M.E.,
Kurman, R.J., Wacholder, S., Stanton, C.K., Manos,
M.M., 1993. Epidemiologic evidence showing that human
papillomavirus infection causes most cervical intraepithe-
lial neoplasia. J. Natl. Cancer Inst. 85, 958—-964.

Schurmann, D., Bergmann, F., Temmesfeld-Wollbruck, B.,
Grobusch, M.P., Suttorp, N., 2000. Topical cidofovir is
effective in treating extensive penile condylomata acumi-
nata. AIDS 14, 1075-1076.

Shamanin, V., zur Hausen, H., Lavergne, D., Proby, C.M.,
Leigh, .M., Neumann, C., Hamm, H., Goos, M.,
Haustein, U.F., Jung, E.G., 1996. Human papillomavirus
infections in nonmelanoma skin cancers from renal trans-
plant recipients and nonimmunosuppressed patients. J.
Natl. Cancer Inst. 88, 802—811.

Shikowitz, M.J., Steinberg, B.M., Abramson, A.L., 1986. He-
matoporphyrin derivative therapy of papillomas. Experi-
mental study. Arch. Otolaryngol. Head Neck Surg. 112,
42-46.

Shikowitz, M.J., Steinberg, B.M., Galli, R.L., Abramson,
A.L., 1988. Histological and molecular analysis of cotton-
tail rabbit papillomavirus-induced papillomas treated with
hematoporphyrin derivative photodynamic therapy. Arch.
Otolaryngol. Head Neck Surg. 114, 175-178.

Shope, R.E., Hurst, E-W., 1933. Infectious papillomatosis of
rabbits; With a note on the histopathology. J. Exp. Med.
58, 607-624.

Snoeck, R., Van Ranst, M., Andrei, G., De Clercq, E., De
Wit, S., Poncin, M., Clumeck, N., 1995. Treatment of
anogenital papillomavirus infections with an acyclic nu-
cleoside phosphonate analogue. New Engl. J. Med. 333,
943-944.

Snoeck, R., Wellens, W., Desloovere, C., Van Ranst, M.,
Naesens, L., De Clercq, E., Feenstra, L., 1998. Treatment
of severe laryngeal papillomatosis with intralesional injec-



142 N.D. Christensen et al. / Antiviral Research 48 (2000) 131142

tions of cidofovir  [(S)-1-(3-hydroxy-2-phosphonyl-
methoxypropyl)cytosine]. J. Med. Virol. 54, 219-225.

Snoeck, R., Noel, J.C., Muller, C., De Clercq, E., Bossens, M.,
2000. Cidofovir, a new approach for the treatment of
cervix intraepithelial neoplasia grade III (CIN III). J. Med.
Virol. 60, 205-209.

Stanley, M.A., Masterson, P.J., Nicholls, P.K., 1997. In vitro
and animal models for antiviral therapy in papillomavirus
infections. Anti. Chem. Chemother. 8, 381-400.

Van Cutsem, E., Snoeck, R., Van Ranst, M., Fiten, P.,
Opdenakker, G., Geboes, K., Janssens, J., Rutgeerts, P.,

Vantrappen, G., De Clercq, E., 1995. Successful treatment
of a squamous papilloma of the hypopharynx-esophagus
by local injections of (S)-1-(3-hydroxy-2-phosphonyl-
methoxypropyl)cytosine. J. Med. Virol. 45, 230-235.

Wilson, W.R., Hashemiyoon, R., Hawrych, A., 2000. Intrale-
sional cidofovir for recurrent laryngeal papillomas: prelim-
inary report. Ear Nose Throat J. 79, 236—240.

zur Hausen, H., 1994. Molecular pathogenesis of cancer of
the cervix and its causation by specific human papillo-
mavirus types. Curr. Top. Microbiol. Immunol. 186, 131-
156.



