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Abstract

A previous study by Kreider (Kreider et al., 1979) indicated that rabbit skin, which had been transplanted to
immunodeficient nude mice, could be successfully infected with cottontail rabbit papillomavirus (CRPV). We have
extended this observation in developing a rodent model for evaluation of compounds for activity against the
papillomaviruses. In this model (called the SCID-Ra model), rabbit ear skin is transplanted to the dorsum of SCID
mice and allowed to heal for 3 weeks. Infection with CRPV by scarification leads to the growth of warty lesions
within 2–3 weeks in\95% of the animals. Topical and/or systemic therapy can be initiated at various times post
infection (PI). Weekly lesion scores are recorded and compounds are evaluated for their ability to suppress wart
growth when compared to untreated control mice. Ribavirin, which has had a suppressive effect both in the clinic for
the treatment of respiratory papillomatosis and on the growth of warts in the rabbit back model, was evaluated and
showed significant anti-proliferative activity with oral dosing. Both antiviral and antiproliferative compounds
including podophyllin and 5-fluorouracil, which have been used clinically for the treatment of human papillomavirus
(HPV) infections, were evaluated in this model. The anti-mitotic compound, Navelbine™ (vinorelbine tartrate), which
is used for the treatment of non-small cell lung carcinoma was evaluated in this system and showed significant
inhibition of wart growth with somewhat less topical cytotoxicity when compared to podophyllotoxin. © 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

The most common and familiar result of HPV
infection is the development of plantar and pal-
mar warts on the hands and feet. Cutaneous warts
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caused by HPV types 1–4 are virtually ubiquitous
in the population although the incidence is some-
what higher in children and young adults. Benign
cutaneous warts can persist or grow slowly for
many months or years, and then abruptly disap-
pear without apparent cause or deliberate ther-
apy. In addition to cutaneous disease, a distinct
group of HPVs infects mucosal epithelium caus-
ing benign oral or genital warts (Gissmann and
zur Hausen, 1980; Gissmann et al., 1983; De
Villiers, 1994) and a subgroup of these viruses has
been strongly associated with genital cancer (zur
Hausen and Schneider, 1987; Koutsky et al., 1988;
zur Hausen, 1994; Howley, 1996).

Although HPV infection is widespread in the
population and associated with a wide spectrum
of human disease ranging from benign warts to
invasive, metastatic and lethal cancer, there is
currently no viral-specific drug therapy available.
Standard treatments rely primarily on the excision
or destruction of infected tissue through con-
trolled physical or chemical ablation. The search
for a specific antiviral therapy for PV infections
has been severely hampered by the lack of a
productive tissue culture system which can be
used as a primary screen for potential antiviral
inhibitors (Phelps and Alexander, 1995). The life
cycle of the PVs is closely associated with the
process of keratinocyte differentiation in infected
epithelium. Efforts to reproduce vertical epider-
mal differentiation in raft culture systems has met
with some success (Laimins, 1996); however, such
systems remain technically difficult and thus far,
only limited viral particle production has been
seen.

The lack of a productive cell-based system has
placed added importance on the use of animal
models for the study of the PVs and for the
evaluation of potential antiviral therapies. The
classical animal models for the study of the PVs
have been the cottontail rabbit papillomavirus
(CRPV), the bovine (BPV) system and canine oral
PV (COPV). CRPV infection and its neoplastic
potential was first described more than 50 years
ago (Shope, 1933) and since then, has been the
favored model for the study of the genetic and
immunological factors associated with infection
and progression to carcinoma (Wettstein, 1987).

CRPV induces lesions on the skin of wild cotton-
tail rabbits and is enzootic in certain geographi-
cally restricted locations in the US. Laboratory
infection of domestic rabbits with CRPV will
induce benign cutaneous lesions similar to those
found in wild rabbits. CRPV infection of domes-
tic rabbits has been used to evaluate the efficacy
of several anti-PV therapies including ribavirin
(Ostrow et al., 1992), retinoids (McMichael, 1965;
Ito, 1981) and PMEG (Kreider et al., 1990a).

A number of conventional animal models of
human viral diseases have been developed based
on direct in vivo infection of rodent tissues with
arenaviruses, togaviruses, reoviruses, poxviruses,
rhabdoviruses, orthomyxoviruses, and her-
pesviruses (Field, 1988). Unfortunately in this re-
gard, the HPVs are very host specific and thus far,
have been shown to productively infect only hu-
man epithelial cells. Due to their impaired im-
munological functions, immunodeficient mice are
generally able to accept most grafted, xenogeneic
tissues without subsequent immune-mediated re-
jection. This property has been particularly useful
in the establishment of animal models for the
study of infectious diseases where an appropriate
model cannot be readily derived through direct
inoculation of mouse tissues (Hendrickson, 1993).
Infectious HPV11 virions have been produced in
this way through implantation of HPV11 infected
human foreskin tissue under the renal capsule of
nude or SCID mice (Kreider et al., 1985; Bonnez
et al., 1993). This model has been valuable both
to study the molecular events associated with
infection (Stoler et al., 1990) and as a renewable
source of virus for HPV11 (Kreider et al., 1987),
HPV1 (Kreider et al., 1990b), HPV16 (Bonnez et
al., 1998) and HPV40 and HPVLVX82/MM7
(Christensen et al., 1997). Recently, Brandsma et
al. (1995) have successfully produced warts on
human foreskin grafted onto SCID mice through
inoculation with HPV16 DNA. It is reasonable to
expect that with continued technical advances,
HPV infection of xenografted human tissue will
become a standard tool both for the study of the
virus life cycle and for the evaluation of potential
antiviral drugs.

The replication functions of the PVs are highly
conserved among the animal and human viruses;
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indeed, many of the components are qualitatively
interchangeable (Chiang et al., 1992; Del Vecchio
et al., 1992). Therefore, it is likely that inhibitors
of PV replication will show a broad spectrum of
activity when measured against many of the ani-
mal and human viruses. As an intermediate step
in the establishment of a small animal model for
the evaluation of potential inhibitors of HPV
replication, we further explored a previously pub-
lished CRPV model. A number of years ago,
Kreider demonstrated that CRPV could induce
cutaneous papillomas on rabbit skin orthotopi-
cally grafted onto nude mice (Kreider et al.,
1979). As a practical extension of this observa-
tion, we have developed a model using SCID
mice, which allows for the efficient evaluation of
compounds for inhibitory activity against the
PVs. The model was validated through the analy-
sis of ribavirin, which has shown activity in the
clinic in the treatment of juvenile respiratory pa-
pillomatosis (McGlennen et al., 1993). Further,
since several antitumor compounds have seen
clinical uses for the treatment of warts, a number
of antiproliferative compounds including Navel-
bine™ (vinorelbine tartrate), were evaluated in
this system. The Navelbine results are compared
to efficacy studies done in the rabbit back model
with this compound. Finally, a selection of antivi-
ral compounds with well-defined activities against
HIV or Herpesviruses was evaluated. We antici-
pate that the techniques developed during the
establishment of this model will be directly trans-
ferable to the infection of xenografted human
epithelial tissues with HPVs.

2. Materials and methods

2.1. Animals

The research complied with national legislation
and with company policy on the care and use of
animals and with related codes of practice. Fe-
male C.B-17 SCID mice were obtained at 3 weeks
of age from Taconic Labs. Nude mice were pur-
chased form Charles River. After transplantation
mice were housed individually in microisolator
cages with sterile bedding, food and water to

minimize infection or disruption of transplanted
tissue or chewing of developing warts. New
Zealand White (NZW) rabbits (2–3 kg) were
purchased from Hazelton Labs.

2.2. Preparation of donor tissue

In experiments designed to assess treatment effi-
cacy, donor skin was removed from the dorsal
surface of the ears of euthanized NZW rabbits.
Harvested skin was placed in cold phosphate
buffered saline (PBS) until processed (usually
within 2 h). After removing excessive underlying
connective tissue, a skin punch was used to create
circular grafts (7 mm diameter). The grafts were
sterilized by adding cold 70% ethanol to cover the
grafts and vortexing for 10 s. Cold, sterile PBS
was quickly added, the tube vortexed and de-
canted. The grafts were washed twice more with
PBS, and transferred to sterile Eppendorf tubes,
which were kept on ice until transplant. Residual
PBS kept the grafts moist until transplantation.

2.3. Transplantation of rabbit skin grafts

All surgical procedures were done under aseptic
conditions using a hood. Mice were anesthetized
by subcutaneous injection of ketamine (100 mg/
kg) and xylazine (10 mg/kg) and the dorsum
shaved with surgical clippers then sterilized with
alternating ethanol and iodine swabs. Sterile glyc-
erol ointment was placed in each eye to prevent
drying. Using the skin punch, two circular graft
beds were created on contralateral sides of the
dorsum. Sterile graft tissue was placed in each
receptive graft bed and positioned with a cotton-
tipped swab. The mice were placed in individual
cages and maintained on a slide warmer until
recovery from anesthesia.

2.4. Preparation of CRPV inoculum and infection
of grafted rabbit tissue

The grafted tissue was allowed to heal for ap-
proximately 3 weeks prior to infection with
CRPV. A 10% (w/v) homogenate of a wart col-
lected from a wild cottontail rabbit trapped in
Minnesota was prepared by standard methods
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(Watts et al., 1983) and stored at −70°C for use
as a stock virus. Virus was diluted 1:10 in sterile
PBS for infecting grafted tissue. For infection,
mice were anesthetized with the eyes protected as
described above and the grafts wiped with an
ethanol swab. Each graft was thoroughly scarified
(�100 strokes) with a 27 gauge hypodermic
needle through a 4 m l droplet of inoculum. After
scarification, an additional 4 m l of the inoculum
was applied to each graft, and evenly distributed
over the surface of the graft with the pipeter tip.
The mice were returned to their cages and placed
on a slide warmer until recovery from the
anesthetic.

2.5. Preparation of drugs and treatment of mice

Acyclovir (ACV), zidovudine (AZT),
Wellferon™, Navelbine™, Condylox™ (5%
podofilox), cis-5-flouro-1-[2-(hydroxymethyl)-,3-
oxathiolan-5-yl]cytosine (FTC), 9-((2R,5S)-te-
trahydro-5-(hydroxymethyl)-2-furyl)guanine 2%,3%-
dideoxyguanosine (ddG), 882C87 (1-b-D-arabino-
furanosyl-5-(1-propynyl)uracil), 1954U89 (1,3-Di-
amino - 7 - (1 - ethylpropyl) - 8 - methyl - 7H - pyrrolo
(3,2-F)quinazoline and ganciclovir (GCV) were
obtained from Glaxo Wellcome compound stores.
Ribavirin was purchased from Pharmatec. 5-
Iodo-2%-deoxyuridine (IDU), 2%-deoxy-5-trifluoro-
methyluridine (TFT; trifluorothymidine), phos-
phonoacetic acid (PAA), phosphonoformic acid
(PFA; foscarnet), 5-fluorouridine (5-FU), for-
skolin, camptothecin, colchicine, vinblastine, vin-
cristine and tubercidin were purchased from
Sigma. Compounds for topical delivery were ei-
ther dissolved in 100% DMSO and stirred into a
modified aqueous cream (final DMSO concentra-
tion 10%) or added directly to the cream into
which DMSO was added to a final concentration
of 10% to aid in drug penetration. Topical drugs
were applied with sterile swabs either once or
twice daily (Monday–Friday). Systemic treatment
was administered either by oral delivery of drug
given ad libitum in sterile drinking water or via
mini-osmotic pumps (Alzet modelc2002) im-
planted subcutaneously on the dorsum. The sol-
vent used for drug delivery in the mini-pumps was

either water or 80% DMSO. Treatment of mice
usually began 1–5 days post-infection (PI) and
continued for 6 weeks.

2.6. Scoring of lesions and determination of
efficacy

Weekly lesion scores were recorded according
to the criteria described in Table 2 (Syverton et
al., 1950). Lesion development is nearly linear
after the appearance of the lesions at about week
2 or 3 PI and progresses through each of the
scores noted in Table 2.

Typically, the scores were recorded for approxi-
mately 6–8 weeks, since after this time the lesions
became very large and scratching or gnawing of
the warts affected scoring. Therefore, long term
studies of regression or involution could not be
evaluated in this system. Any grafts or lesions
that became difficult to score due to scratching or
irritation were eliminated from the scoring. The
area under the curve (AUC) of mean lesion scores
versus weeks PI for each treatment group was
computed and the percent reduction in the AUC
for each treated group compared to the untreated
control group was then calculated. In practice we
observed that a compound needed to reduce the
AUC by greater than 20% before any clinical
improvement in lesion severity was seen. Treat-
ment toxicity was noted as either mild (slight
erythema of treated sites), moderate (erythema
with some scabbing or ulceration of treated sites)
or severe (extreme burning of treated area; sys-
temic effects or death)

2.7. Rabbit back model

The rabbit back model has been previously
described (Kreider et al., 1990a). Briefly, NZW
rabbits were anesthetized and the fur removed
from the dorsum with surgical clippers. Two dilu-
tions (1:10 and 1:100) of CRPV stock virus pre-
pared as described above, were used to scratch
infect two contralateral sites on the dorsum. The
sites on the left dorsum (high and low inoculum)
were treated with anti-PV therapies while the sites
on the right dorsum served as untreated controls.
Drugs were prepared as described above for the
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Table 1
Efficiency of transplant and infection procedures in the SCID-Ra model

Total number of transplants Graft success (%) Successful infection (%)Number of mice

436 414 (95)218 86/94a (91)

a Untreated controls.

mouse model. Weekly measurements of the le-
sions were made in 3 axes (L×W×H) and the
geometric mean diameter of each lesion calcu-
lated. Percent reductions in AUCs of the geomet-
ric mean diameters of the treated sites relative to
untreated sites or placebo treated animals were
calculated.

3. Results

An ideal animal model for the study of human
disease should be efficient, reproducible, and
pathologically representative of the human disease
on a reasonable time scale. To appropriately
model human epithelial warts, the infection in
animals should be superficial to allow for continu-
ous observation, localized treatment of the infec-
tion, and for facile collection of tissue samples as
required. Furthermore, to assess whether the
model is predictive of compound efficacy in hu-
mans, clinically active drugs should be evaluated.

3.1. Preliminary characterization of the mouse
model

Female SCID mice were used throughout these
studies. For preparation of the donor tissues and
the recipient graft beds, a cutting tool was de-
signed and routinely utilized with the result that
graft tissue and the graft beds were reproducibly
of equal size. With experience, we found that
suturing or gluing of the size-matched trans-
planted tissue was not necessary greatly facilitat-
ing the transplant procedure. The transplanted
tissues completely healed in about 3 weeks at
which time they could be infected with CRPV.

Various procedures were investigated for infec-
tion of the grafted tissues including use of a tattoo
gun or vaccination gun; however, none proved to

be more reproducible or technically easier in our
hands than traditional scratch-infection. Since the
model was being developed as a moderate
throughput system for assessing the efficacy of
potential therapies, and in order that treatments
might be initiated prior to any evidence of infec-
tion, the efficiency of the transplant and infection
procedures was critical. Shown in Table 1 is a
compilation of seven typical experiments illustrat-
ing the high rates of successful transplantation
and subsequent infection of the transplanted tis-
sues. In these experiments, 414 of 436 grafts (95%)
were successfully transplanted while successful in-
fection was achieved in 86 of the 94 grafts (91%)
in untreated control mice in these same experi-
ments. The efficiency of the model permits the use
of relatively small treatment groups for primary
evaluation of compound activity. Furthermore,
since\90% of the animals that are inoculated
will develop lesions, candidate therapies may be
initiated prior to the appearance of macroscopic
lesions.

3.2. CRPV infection of transplanted rabbit skin
induces benign warts

The progression of benign lesion development
in transplanted NZW rabbit tissue infected with
CRPV is shown in Fig. 1. Evidence of infection is
visually apparent at 2–3 weeks PI with initial
thickening of the infected graft. Small, discrete
papillomas are visible at about 3 weeks PI and
become larger over the next few weeks. The indi-
vidual papillomas become confluent at about 4–5
weeks PI and eventually involve the entire graft.
Over the next 2 weeks the warts continue to
increase in size and become highly keratinized. To
allow for semi-quantitative evaluation of potential
therapies a lesion scoring system (grades 1–6) was
developed and is described in Table 2. Typically,
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Fig. 1. Lesion development and scoring system in the SCID-Ra model.
Fig. 2. Histological comparison of warts from a NZW rabbit and wild rabbit xenograft on SCID mouse. Tissues were collected and
fixed in 10% formalin for 24 h prior to processing. For DNA in situ hybridization, the Digene Tissue Hybridization kit (cat. c4206
0100) was used with a biotinylated CRPV probe (BioNick® Labeling System; Life Technologies c18247-015).
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animal lesions were visually scored on a weekly
basis, and the average lesion scores were calcu-
lated using five animals per treatment group, each
carrying two infected transplants. Therefore, each
data point represents lesion scores from 10 indi-
vidual skin grafts.

3.3. Transplanted wild rabbit skin can be
producti6ely infected

It has been known for many years that CRPV
infection of wild rabbits produces infectious viri-
ons while induction of benign warts in domestic
NZW rabbits does not generally result in the
production of infectious virus particles. In order
to determine if the mouse model recapitulated this
characteristic host specificity, wild rabbit ear skin
was transplanted to mice and infected with
CRPV. Shown in Fig. 2 are the H and E and
DNA in situ hybridizations of a benign wart
produced on wild rabbit skin transplanted to
SCID mice and, for comparison, a wart from a
NZW rabbit. The H and E staining of the SCID
wart reveals features typical of PV infection in-
cluding a thickened, hyperplastic epidermal layer
with excessive keratin production. Capsid antigen
staining confirmed that viral capsid antigens were
abundantly expressed in the benign wart of the
wild rabbit xenograft (data not shown). To deter-
mine whether infectious particles were produced,
a lesion was harvested 56 days after infection,
homogenized, and used to infect naive NZW rab-
bit skin, which had been transplanted to mice.
Warts were evident several weeks PI and pro-
gressed to stage 6 lesions indicating the presence

of high titer infectious virus in the inoculum. As
expected, infection with extracts from benign
warts on NZW transplanted skin failed to induce
subsequent lesions. These results indicate that this
system may also be used to passage virus and in
the production of laboratory stocks of CRPV as
in the renal capsule model.

3.4. Effect of anti6iral compounds on de6eloping
lesions

Since there is no known, specific antiviral in-
hibitor of HPV for use as a positive control in the
model, the efficacy of ribavirin was evaluated.
Ribavirin, a broad-spectrum antiviral, has been
used successfully in the clinic for the treatment of
juvenile laryngeal papillomatosis (McGlennen et
al., 1993). Fig. 3 illustrates the effect of therapy
with ribavirin on developing CRPV-induced le-
sions. Oral therapy with 1 mg/ml ribavirin re-
duced the AUC by 71% when compared to
untreated control animals. As the amount of rib-
avirin in the drinking water was reduced to 0.5
and 0.1 mg/ml there was a significant reduction in
efficacy (38 and 3% reduction in AUC, respec-
tively). A combination of 5% topical therapy and
1 mg/ml oral treatment was slightly more effective
than oral therapy alone (85% reduction in AUC),
however, there may have been some toxicity asso-
ciated with this treatment as 1 of the six mice in
this group died during the treatment period. Fur-
thermore, it should be noted that lesion scores
rebounded once treatment was stopped on day 35
PI, although the score of the combination group
appeared to be rising more slowly than the scores
of the other treatment groups. In the combination
group 5/10 grafts showed no evidence of infection
at the end of the study while the group receiving
1 mg/ml in the drinking water had 1/12 grafts that
appeared to be uninfected. As a measure of the
reproducibility of the model, another experiment
with the same combination of topical and oral
ribavirin therapy resulted in 87% suppression of
lesion scores and was also associated with toxicity
(data not shown).

To gain additional, pilot experience with this
model system, we examined the effects of oral,
topical, and systemic treatments with various an-

Table 2
Scoring system used for determination of treatment efficacy in
the SCID-Ra model

Score Clinical description of infected sites

0 No infection visible
1 Thickening of infected skin
2 Small, discrete papillomas
3 Large, discrete papillomas
4 Semi-confluent papillomas, some keratinization
5 Confluent papillomas; more keratinization

Dense keratinized surface on wart6
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Fig. 3. Effect of ribavirin treatment on developing lesions in the SCID-Ra model. Treatments were initiated 24 h post-infection and
continued through day 35. Topical drug was applied once daily (Monday–Friday). Oral drug was given in the drinking water (24
h/day).

tiviral compounds as summarized in Table 3. Lit-
tle inhibition of wart growth was noted with IDU,
TFT, AZT, ddG, GCV, FTC or 882C at the
dosing regimens tested (0–35% reduction in
AUC). A combined oral and topical regimen of
PAA produced good suppression of wart growth
(73% reduction of AUC); however, at this thera-
peutic dose, significant toxicity was associated
with treatment. Oral PAA alone was only slightly
suppressive (36% reduction in AUC); PFA (fos-
carnet) given both orally and topically also
showed little efficacy (22% reduction). ACV when
given topically and orally, or the prodrug Val-
trex™ (data not shown) produced a modest re-
duction in lesion scores (33 and 26%). With
experience it was observed that an unequivocal
therapeutic benefit was associated with a reduc-
tion in AUC\25% in this model system.

3.5. Effect of antitumor compounds on de6eloping
lesions

A range of antitumor compounds was also
evaluated since several antiproliferative drugs
have been used clinically for the treatment of

HPV-associated benign disease. As illustrated in
Table 4, treatment with a varied selection of
antitumor compounds resulted in variable degrees
of suppression of lesion growth. Unfortunately,
however, many of these therapies were also quite
toxic at the efficacious doses.

Podophyllotoxin, the active ingredient in crude
extracts of podophyllin, is approved for topical
treatment of external genital warts (Condylox™,
Oclassen Pharmaceuticals). The antiproliferative
activity of podophyllotoxin is thought to be pri-
marily mediated through anti-mitotic effects re-
sulting from disruption of cellular microtubules.
In this model system, podophyllotoxin demon-
strated little efficacy, and treatment resulted in
significant cutaneous erosion. Another common
class of antimitotic compounds, the vinca alka-
loids including both vincristine and vinblastine,
significantly suppressed lesion growth (62 and
73% reduction of AUC), but were associated with
redness, swelling, and topical erosion.

Navelbine, a related vinca alkaloid, showed
comparable efficacy (up to 58% reduction in
AUC), and somewhat reduced cutaneous toxicity
when compared to podophyllotoxin, vincristine or
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Table 3
Antiviral compounds tested in the SCID-Ra model

Treatment

ToxicityaSupression (%)IP (U/day)Compound Pump (mg/kg/d)Topical (%) Oral (mg/ml)

— 33ACV 5 — 46 −
35— +++bAZT —5 1

— — 13IDU 5 −1
— 21TFT 1 — — −

36c— −PAA —- 1
— 73c5 — 80 ++

−22—PFA —5 1
— — 9 −FTC 5 1

0 −—GCV —1 —
—ddG 2.5 — 80
— 15882C87 5 1 — −

441×104 −Wellferon —— —
— 22Ribavirin 4 — — −

−3d——— 0.1
— — 38d −— 0.5

−71d——— 1
— — 85d5 +1

a Toxicity recorded as negative (−), mild (+), moderate (++) or severe (+++).
b One mg/ml in drinking water is equal to an approximate dose of 200 mg per kg day−1 (assuming consumption of 5 ml of water/day
and mouse weight of 25 g). Current AZT therapies in human give dose of approximately 5 mg kg−1 per day or less.
c Evaluated in separate experiments.
d Evaluated in the same experiment.

vinblastine. The dose dependent efficacy of Navel-
bine in this model is illustrated in Fig. 4. Once
daily topical therapy with 0.3% Navelbine re-
duced AUCs by 58%. Similar treatment with 0.1%
Navelbine only resulted in a 23% reduction in
AUC compared to untreated grafts. Twice weekly
(Monday, Friday) application of 1% Navelbine
produced a 42% reduction in AUC. Some dermal
erosion was evident with both daily and twice
weekly therapies; indeed, daily application of 1%
Navelbine was too erosive to be evaluated in this
system. As further validation of the utility of the
mouse model, Navelbine was tested in the conven-
tional immunocompetent rabbit back model of
PV infection against 1:10 and 1:100 dilutions of
CRPV inoculum. As shown in Table 5, once daily
topical therapy with 0.3% Navelbine reduced the
AUC by 66% when compared to lesions on the
untreated flank. A similar treatment regimen with
0.9% Navelbine resulted in a 90% inhibition of
AUC. Twice weekly application of 1.5% Navel-

bine resulted in a 73% reduction in AUC. Al-
though there again was evidence of dermal
toxicity, these results confirmed the results ob-
tained from the SCID-Ra system and further
support the utility of the mouse model.

3.6. A significant reduction in compound required
for e6aluation

Compound evaluation in the SCID-Ra system
typically requiredB1 g of pure compound to
complete a 6–8 week primary treatment study.
Obviously, depending upon the potency and the
route of administration more or less compound
might be needed in individual circumstances. As
suggested by the comparison to the rabbit back
model in Table 6, this may represent a 10–100-
fold reduction in the amount of compound re-
quired for a preliminary in vivo evaluation. In the
absence of a well validated in vitro or cell culture
model of HPV infection, significant reductions in
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Table 4
Antitumor compounds tested in the SCID-Ra model

Suppression (%) ToxicityaCompound Treatment (%) Frequency applied (%)

9 −5-FU 0.8 5
5 6bForskolin 0.3 −

27b10 −0.6
5 31Camptothecin +0.3
5 22Colchicine 0.3 ++

73c1 ++1.5Vinblastine
3 13c0.3 +

62 ++Vincristine 0.3 2
5 0Condylox 0.025 −
5 19 +0.05

nce +++0.5 3d

5 23fNavelbine 0.1 +/−
58f5 +0.3

+42f1 2
++nc51Tubercidin

0.5 3 26 ++1954U89

All treatments were topical and were formulated in an aqueous cream with 10% DMSO added.
Suppression indicates the percent reduction in AUC compared to untreated controls.
a Toxicity recorded as negative (−), mild (+), moderate (++) or severe (+++) at the doses tested.
b Evaluated in separate experiments.
c Evaluated in separate experiments.
d Applied once/day for 3 consecutive days
e Not calculated, evaluated in separate experiment from others shown for Condylox.
f Evaluated in same experiment.

compound requirements for in vivo evaluation
could be invaluable prior to broader preclinical
assessment or synthetic scale-up.

4. Discussion

In this work, we describe the development of a
small animal model that can be used both in the
assessment of inhibitory effects of compounds on
PV infections and for the in vivo study of certain
biological aspects of virus infection. The lack of a
routine, productive cell culture system for the PVs
places added importance on the use of animal
model systems for the study of these viruses, and
thus, any model with improved capacity and effi-
ciency represents an important advance for the
field.

Although the PVs infect most vertebrate spe-
cies, there is no well-characterized mouse or rat
PV that can be readily adapted for evaluation of
potential therapies in a small animal system. Two

PVs have been isolated from rodents (O’Banion et
al., 1988; Tan et al., 1994), however, infection of
laboratory strains using these isolates has thus far
been unsuccessful. Several other well-defined
models in larger animals have been studied in
some depth during the last 50 years including the
CRPV, BPV, and COPV papillomaviruses (Lan-
caster and Olson, 1982; Stanley et al., 1997).
More recently, PVs have been isolated from sev-
eral nonhuman primates including rhesus mon-
keys (RhPV), long-tailed macaques, and pygmy
chimpanzees (PCPV) (Kloster et al., 1988; Ostrow
et al., 1990; Van Ranst et al., 1992; Ostrow et al.,
1995; Chan et al., 1997). Each of these can be
considered classical animal model systems that
rely on infection of the natural host which sup-
ports both virus replication and archetypal dis-
ease. With regard to human papillomaviruses, the
characteristic stringent species specificity and in-
herent ethical considerations demand that, in the
near term at least, such surrogate animal systems
will continue to be quite useful for late stage
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Fig. 4. Effect of Navelbine treatment on developing lesions in the SCID-Ra model. Treatments were initiated 24 h PI and continued
through day 40. All treatments were topical and applied as indicated in the legend.

clinical development of antiviral drugs and
vaccines.

Two strains of immunodeficient mice, nude and
SCID, have been used to support infection of
human epithelial tissue with human PVs (Kreider
et al., 1987; Bonnez et al., 1993; Brandsma et al.,
1995). In the earliest example, a pooled clinical
stock of HPV11 virus was used to infect human
foreskin tissue prior to surgical implantation
within the renal capsule of anesthetized nude mice
(Howett et al., 1997). The renal capsule provides
an enclosed, aseptic, and well-vascularized site for
subsequent development of HPV-infected condy-
lomatous cysts. Viral gene expression is detectable
by 4 weeks PI, late gene expression seen at about
8 weeks, and abundant virus particle production
evident after about 3 months (Stoler et al., 1990).
HPV particles can be purified from the epithelial
cysts and serially passaged by infection (Howett et
al., 1990). Antiviral efficacy of candidate drugs
can be assessed in this system provided sufficient
compound is available for long-term, systemic
exposure (Kreider et al., 1990a). Furthermore, to
assess activity in the renal capsule, candidate com-
pounds must possess favorable pharmacokinetic/
pharmacodynamic and toxicity profiles to permit
exposure of the renal capsule to therapeutically
relevant concentrations of drug. As a practical
matter, these conditions are typically only met at

late stages of preclinical drug development. Fi-
nally, lesion progression and/or chemotherapeuti-
cally-induced resolution can not be readily
observed except at necropsy.

Although we and others have orthotopically
transplanted human tissue including neonatal
foreskin to immunodeficient mice, infection of
these tissues with HPV does not consistently or
efficiently produce clinically overt disease. Recent
studies suggest that utilizing recombinant viral
DNA as an inoculum to initiate the virus life may
circumvent the variability in infectivity of clinical
samples and provide an exploitable system for
genetic studies of virus replication, expression,
and neoplastic progression (Brandsma et al., 1995;
Frattini et al., 1997).

Since PV infection in wild rabbits is a very
robust infection producing uniform stocks of high
titer infectious virus, we chose to establish a pre-
clinical model using CRPV as the infecting agent.
This is an appropriate system for assessment of
antiviral inhibitors since the disease in rabbits is
pathologically representative of human disease in
that virus infection results in benign epithelial
disease which can regress, persist or progress to
malignancy. Furthermore, the viral replication
and transcription functions in the human and
animal PVs are structurally and functionally well
conserved (Hirochika et al., 1987; Phelps and
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Table 5
Effect of therapy with Navelbine in the treatment of CRPV
induced lesions on NZW rabbits infected with a 10−2 dilution
of virus

Dose Suppression Toxicity
(%)

DermalSystemica

−66c0.3% Navelbine +b

(5×/wks 3–5)
−90c +b0.9% Navelbine

(5×/wks 3–5)
−73d1.5% Navelbine −

(2×/wks 3–5)
52e −−3% Navelbine

(2×/wks 3–5)

All treatments were initiated on day 14 PI and applied topi-
cally for 3 weeks either once daily on Monday through Friday
or once daily on Monday and Friday.
Therapies were formulated (w/w) in an aqueous cream with no
DMSO added.
Suppression indicates the percent reduction in AUC compared
to untreated sites on the same animal.
There were five rabbits/treatment group with one treated and
one untreated site at the 10−2 dilution on each rabbit.
a Difference in weight gain in treated rabbits compared to
placebo treated rabbits.
b Sites treated daily were red, irritated and scabbed after 1
week of treatment.
c Evaluated in same experiment.
d,e Evaluated in separate experiments.

in both animal and human systems. In contrast,
therapies that target the infected host cell such as
retinoids and podofilox, do not demonstrate com-
parable activities in animals and humans.

Without an in vitro system for selecting among
the best of a series of potential antiviral inhibitors
for animal model testing, it is important to maxi-
mize a compound’s ability to inhibit lesion devel-
opment in animals. One way to accomplish this is
to initiate treatment soon after infection of the
grafted tissue. Since warts are not evident for
several weeks after infection with CRPV, a high
proportion of uninfected grafts can be statistically
problematic. Therefore, a model used for routine
screening of compounds for efficacy against the
PVs requires high rates of transplant and infection
success. If evaluation of potential inhibitors is to
be done in animals where both compound supply
and cost (both time and money) are a concern,
the advantages of a small animal model are obvi-
ous. The typical amounts of compounds required
in this study for topical, oral and systemic treat-
ment in the SCID-Ra model and the rabbit back
model are compared in Table 6. The SCID-Ra
model requires about 10× less compound for top-
ical therapy than the rabbit back model. Even
greater reductions in the amount of required com-
pound are seen with both oral (drinking water)
and systemic (osmotic pump) therapies when
comparing the SCID model and the rabbit back
model (30 and 100× , respectively). This is a vital
practical consideration as the vast majority of

Howley, 1987; Chiang et al., 1992; Del Vecchio et
al., 1992; Liang et al., 1996) suggesting that in-
hibitors of these functions are likely to be active

Table 6
Comparison of compound requirements for evaluation in the SCID-Ra model and the rabbit back model of papillomavirus infection

Treatment Compound quantity (g) required for testing in Approximate fold reduction

SCID-Ra Model Rabbit Back Model

1050.5Topicala

1 3030Oral (drinking water)b

0.5Systemic (osmotic pumps)c 50 100

a Assuming a dose of 2.5% (w/w) and 20 g of cream for the SCID model. Since lesion area is approximately 39 mm2 in the SCID-Ra
model and 500 mm2 in the rabbit back model the amount of compound required for the treatment of rabbits would be about 10×.
b Assuming daily consumption of 4 ml/mouse and 120 ml/rabbit with 1 mg/ml of drug in the drinking water for a 6 week treatment
period and 6 animals per treatment group.
c Assuming treatment for 6 weeks at a dose of 80 mg kg day−1 and weights of 0.025 kg (mouse) and 2.5 kg (rabbit) with six
animals/group.
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compounds available in the chemical libraries of
pharmaceutical companies are available inB1 g
quantities.

Since the antiviral ribavirin had been shown to
be clinically effective in the treatment of laryngeal
papillomatosis (McGlennen et al., 1993) and has
shown activity in the rabbit back model of PV
infection (Ostrow et al., 1992), we used this com-
pound to clinically validate our model as well as
an indicator of reproducibility. Our results show
that oral therapy with 1 mg/ml of ribavirin in the
drinking water resulted in significantly reduced
lesion scores. The therapeutic response was dose-
dependent as a reduction in efficacy was seen
when the amount of ribavirin was decreased. We
also found that a rebound in lesion scores was
seen when therapy was discontinued in the treated
groups, however, in the group receiving combina-
tion therapy with 1 mg/ml orally and 5% topically
half of the grafts appeared uninfected at the end
of the study.

In the past, several antitumor compounds have
been used for the treatment of warts (Gross,
1995). To determine if these compounds would be
inhibitory in the SCID-Ra model, various classi-
cal anti-proliferative compounds were evaluated
including anti-mitotic, anti-metabolites, and to-
poisomerase inhibitors. As expected with this
class of compounds, some suppression of the
growth of benign warts was observed; however,
dermal erosion was also typically seen indicative
of non-specific cytotoxic activities. One anti-mi-
totic compound of interest was Navelbine cur-
rently used for the treatment of non-small cell
lung carcinoma. Navelbine treatment resulted in a
good reduction in lesion scores although treat-
ment was associated, under these assay condi-
tions, with mild to moderate dermal erosion or
irritation. To corroborate and extend these re-
sults, Navelbine was also tested in the rabbit back
model where it also showed comparable suppres-
sion of lesion development and dermal toxicity.

Since the major use of this model is expected to
be in the evaluation of inhibitors of PV replica-
tion, we also evaluated a collection of nucleoside
antiviral compounds. Bearing in mind that the
papillomaviruses do not encode a viral nucleotide
kinase or a viral polymerase, the anabolic activa-

tion and selective incorporation seen with nu-
cleosides such as ACV (Furman et al., 1984) in
the inhibition of the herpesviruses would not be
anticipated with papillomaviruses. As expected,
purine and pyrimidine nucleoside analogs were
essentially inactive for inhibition of lesion growth.

In summary, we have established a repro-
ducible, relatively easy mouse model for the eval-
uation of anti-PV therapies. The model is efficient
with both a high rate of transplant and infection
successes, and an infection that is evident in weeks
rather than months. High titer viral stocks are
available from warts harvested from both trapped
wild rabbits and from warts produced on wild
rabbit skin transplanted to mice. Although the
model can not be used for the evaluation of
compounds that require an intact immune system,
a variety of treatment schemes can be evaluated
and, since the infection is external, the course of
infection is easily monitored on a daily basis.
Depending on the route of treatment the model
reduces the amount of compound required for
testing by 10–100-fold over the conventional rab-
bit system, and candidate compounds can be eval-
uated with less than 500 mg. This model is likely
to become an invaluable tool in the preclinical
evaluation of candidate antiviral compounds for
inhibition of HPV replication.
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