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We used the cottontail rabbit papillomavirus (CRPV) New Zealand White rabbit model to test a combination
treatment of large established papillomas with intralesional cidofovir and DNA vaccination to cure sites and
reduce recurrences. Intralesional 1% (wt/vol) (0.036 M) cidofovir treatment of rabbit papillomas led to
elimination, or “cure,” of the papillomas over a 6- to 8-week treatment period (N. D. Christenson, M. D. Pickel,
L. R. Budgeon, and J. W. Kreider, Antivir. Res. 48:131-142, 2000). However, recurrences at periods from 1 to
8 weeks after treatment cessation were observed at approximately 50% of cured sites. DNA vaccinations with
CRPV El, E2, E6, and E7 were initiated either after or at the time of intralesional treatments, and the
recurrence rates were observed. When DNA vaccinations were started after intralesional cures, recurrence
rates were similar to those of vector-vaccinated rabbits. A small proportion of recurrent sites subsequently
regressed (4 out of 10, or 40%) in the vaccinated group versus no regression of recurrences in the vector-
immunized group (0 out of 19, or 0%), indicating partial effectiveness. In contrast, when DNA vaccinations were
conducted during intralesional treatments, a significant reduction of recurrences (from 10 out of 19, or 53%,
of sites in vector-immunized rabbits to 3 out of 20, or 15%, of sites in viral-DNA-immunized rabbits) was
observed. DNA vaccination without intralesional treatments had a minimal effect on preexisting papillomas.
These data indicated that treatment with a combination of antiviral compounds and specific immune stimu-
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lation may lead to long-term cures of lesions without the ensuing problem of papilloma recurrence.

Treatment of persistent papillomas with intralesional and
topical antiviral compounds and immunomodulators often
leads to effective cure of treated lesions in clinical trials with
human papillomavirus (HPV) disease (4, 5, 16, 56). However,
recurrences are common after treatment cessation (5, 6, 16, 20,
56). The reasons for clinical recurrences are unclear, but pos-
sible mechanisms include (i) reinfection at adjacent sites, (ii)
incomplete destruction of the entire area of active clinical
disease, (iii) reactivation of subclinical HPV disease in
wounded areas within and adjacent to treated sites, (iv) incom-
plete activation or induced anergy of antigen-specific cell-me-
diated immunity to HPV-infected papilloma cells, and (v) ge-
netic factors associated with ineffective host immunity together
with antigenic differences between variants of the same HPV
type (2, 3, 9, 23, 31, 46, 47, 58).

There is strong evidence that host immunity to papilloma-
virus antigens can clear the bulk of HPV and animal papillo-
mavirus infections (reviewed in references 22 and 39). Spon-
taneous regression of papillomas induced by cottontail rabbit
papillomavirus (CRPV), rabbit oral papillomavirus, bovine
papillomavirus type 4, and canine oral papillomavirus in rab-
bits, cattle, and beagles have been observed (8, 10, 12, 34, 38,
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41). The regressions are associated with a heavy infiltrate of T
cells of both CD4 and CD8 phenotypes (1, 33, 40), and regres-
sions of all lesions occur systemically. Immunosuppression of
animals during the periods of papilloma growth has been
shown to prolong lesion persistence (29, 37, 48). HPV-infected
lesion regression with an associated immune infiltrate and in
situ detectable cytokines has been reported also (17, 57). The
precise effector mechanisms leading to lesion destruction in
these clinical infections, however, are unknown. Additional
evidence for immune control of HPV infections includes the
high incidence of active HPV disease in immunosuppressed
patients (18, 19, 32, 35, 54).

Despite the strong evidence of multiple mechanisms of B-
cell and T-cell immunity to papillomavirus antigens in hosts
with papillomavirus infections (reviewed in references 22 and
39), persistent infections are common. Cervical cancer associ-
ated with HPV accounts for over 250,000 deaths of women
worldwide (42). Thus, the bulk of persistent infections occurs
in patients who are considered, in general, to be immunocom-
petent. Given this observation that persistent HPV infections
can occur in immunocompetent individuals, it is clear that the
viral immunity that develops during infection is often inade-
quate to clear clinical disease. Animal studies demonstrate
clearly that protective cell-mediated immunity can be devel-
oped in individuals who would otherwise present with persis-
tent disease upon infection (26, 30, 49, 52). These data suggest
that induced immunity may deal effectively with residual dis-
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TABLE 1. Design of experiments for combination treatments with intralesional cidofovir and DNA vaccinations

Test group Intralesional cidofovir DNA vaccination(s)

Expt no. 1
Group A None None
Group B None CRPV E1 + E2 + E6 (days 83, 120, 155)
Group C 2 sites treated, from day 35 to 80 CRPV E1 + E2 + E6 (day 120)
Group D 2 sites treated, from day 35 to 80 Vector alone (day 120)
Group E 4 sites treated, from day 35 to 80 CRPV E1 + E2 + E6 (days 83, 120, 155)
Group F 4 sites treated, from day 35 to 80 Vector alone (days 83, 120, 155)

Expt no. 2
Group A 4 sites treated, from day 45 to 100 Vector alone (days 21, 35, 50, 120)
Group B 4 sites treated, from day 45 to 100 CRPV E1 + E2 (days 21, 35, 50, 120)
Group C 4 sites treated, from day 45 to 100 CRPV E6 + E7 (days 21, 35, 50, 120)
Group D 4 sites treated, from day 45 to 100 CRPV E1 + E2 + E6 + E7 (days 21, 35, 50, 120)

ease and/or subclinical papillomavirus infections rather than
with large clinically active lesions. A strategy that combines
antiviral treatments to reduce clinical disease load with specific
immune stimulations, therefore, represents a logical approach
to the treatment of persistent HPV infections.

The goal of this study was to combine aspects of intralesional
antiviral treatment of papillomas with immune activation to
provide a long-lasting cure of persistent papillomavirus infec-
tions. We have used the CRPV rabbit system as a model for
papilloma recurrence after lesion “cure” with intralesional ci-
dofovir (15). Cidofovir was chosen as one of several com-
pounds that could ablate CRPV-induced rabbit papillomas
following intralesional or topical treatments (15). Recurrence
rates from cured sites reached 50%, which is similar to rates of
clinically treated HPV disease (5, 6, 16, 20, 56). The strategy
was to cure large established papillomas by intralesional cido-
fovir and to include DNA vaccinations with CRPV viral genes
to prevent recurrences. The data indicate that concurrent ci-
dofovir treatment and DNA vaccinations lead to long-term
cure of papillomas with a marked reduction in the incidence of
recurrences.

MATERIALS AND METHODS

Viral infections. Outbred New Zealand White rabbits of both sexes were
purchased from Covance Research Products, Inc. (Denver, Pa.) and maintained
in the animal facility of the Pennsylvania State University College of Medicine.
All animal care and handling procedures were approved by the Institutional
Animal Care and Use Committee of the Pennsylvania State University. Infection
of rabbits with CRPV was conducted as previously described (13, 34). In brief,
rabbits were lightly anesthetized with a mixture of ketamine-HCI (40 mg/kg of
body weight) and xylazine (5 mg/kg), and their backs were shaved with electric
clippers. Four 1- by 1-cm scarified sites on the back of each rabbit were produced
by abrasion with a scalpel. Each scarified site received 50 pl of papilloma extract
applied directly to the wound. The two anterior papillomas on each side of the
mid-dorsum were induced with a 10~ " dilution of CRPV extract, whereas the two
posterior papillomas were induced with a dilution of 1072, Papillomas were
allowed to develop without antiviral treatments for either 35 or 45 days after
infection. All papillomas were measured weekly in three dimensions (length by
width by height, in millimeters) beginning at 3 weeks after infection, and the
geometric mean diameter (GMD) (in millimeters) was calculated.

Intralesional treatments with cidofovir. Cidofovir (HPMPC) was obtained
from Gilead Sciences, Foster City, Calif., in aqueous solution. A 1% (wt/vol)
(0.036 M) cidofovir solution in saline was prepared for treatments. Two combi-
nation experiments with several treatment groups per experiment were con-
ducted to assess therapeutic outcome, and a summary of the experimental de-
signs is shown in Table 1. Each treatment group contained five rabbits per group,
with four papillomas per rabbit. Intralesional delivery consisted of direct injec-
tion of a total of 100 pl of 1% (wt/vol) cidofovir per treatment into the base of

each papilloma in two or three places, independent of papilloma size. Intrale-
sional treatments were given three times per week for 7 to 8 weeks until most
sites were cured. At this time point, cidofovir treatments were stopped but
monitoring of all sites on a weekly basis was continued.

DNA vaccinations. DNA vaccinations were delivered intracutaneously by
gene-gun-mediated particle bombardment as previously described (25). DNA
expression constructs separately containing CRPV E1, E2, E6, and E7 and vector
alone were delivered to shaved, depilated back skin and to the hairless skin of the
inner ears. The expression constructs were prepared using the Vljns vector,
which utilizes a cytomegalovirus promoter as previously described (25). All
rabbits were anesthetized, and ears were temporarily plugged with cotton wool
prior to gene gun vaccinations. Vaccinations consisted of approximately 10 ng of
DNA per construct per treatment. In the first experiment, DNA vaccinations
with E1, E2, and E6 were given on days 83, 120, and 155. E7 vaccination was not
included with E1, E2, and E6 in this experiment because we had observed
previously that E7 vaccination alone provided no protection against CRPV
infection (25). In the second experiment, DNA vaccinations with E1, E2, E6, and
E7 in several different combinations were given on days 21, 35, 50 and 120 (Table
1). The viral antigens chosen were based on our previous studies showing that
combinations of E proteins provided the maximum protection prior to virus
challenge (25, 27). The rationale for initiating vaccinations at an earlier time
point in the second experiment was based on the data obtained from the first
experiment, in which reductions in recurrences were not observed when vacci-
nations were initiated after intralesional treatments were stopped.

Cured sites and recurrences. Sites cured by intralesional cidofovir treatments
were operationally defined as a cure upon resolution of the treated lesion so that
there was no clinically observable papillomas. A recurrence was defined as the
reappearance of macroscopic papillomas at the primary treated site after a
drug-treated cure had been achieved. A long-term cure was described as the
resolution of the primary site (no macroscopically observable papillomas) and
the lack of recurrence after a period of 8 to 10 weeks after intralesional cidofovir
treatments had stopped. We observed that if a recurrence was obtained, then
papilloma regrowth was seen from 1 to 8 weeks (usually 2 to 5 weeks) after
intralesional treatments were stopped.

Statistical analyses. Statistical analysis of mean papilloma size (GMD) over
time was compared to the mean size of control-treated papillomas by using
Student’s ¢ test. Statistical analyses and plots were prepared using the SigmaPlot
5.0 software program. Experimental data were presented as the mean (of GMD
values) = standard error of the mean (SEM) of papilloma sizes for each dose of
compound plotted against time after CRPV infection. Frequencies of regressions
of recurrent lesions were compared for vector-vaccinated versus viral gene-
vaccinated rabbits using the Fisher exact probability test. Frequencies of recur-
rences were compared also with the Fisher exact probability test.

RESULTS

Intralesional cidofovir followed by DNA vaccination (exper-
iment 1). The first experiment (Table 1) was designed to test
whether DNA vaccinations initiated after intralesional cidofo-
vir cures could reduce recurrences or stimulate regressions of
recurrences at a stage when the recurrent lesions were still
small. Control groups A and B were included to demonstrate
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FIG. 1. Sizes of CRPV-induced rabbit papillomas initiated with 10~" (A) or 10~ (B) dilutions of CRPV extract plotted against time (in days)
after infection. Each point represent the mean = SEM of GMDs for a total of 10 papillomas per group per virus dose. Groups included rabbits
without treatment (group A) versus rabbits receiving three DNA vaccinations with CRPV E1 plus E2 plus E6 expression constructs. Between-group

mean papilloma sizes were compared over time using Student’s ¢ test.

that DNA vaccinations alone were insufficient for complete
cures of the large primary papillomas (Fig. 1). Papillomas
initiated with a 10~ dilution of CRPV extract reached a max-
imum mean GMD of between 20 and 25 mm at about 12 weeks
after infection. Mean GMDs were slightly lower in the DNA
vaccination group (group B) for several time points over the
course of the entire experiment (Fig. 1A). In contrast, papil-
lomas initiated with a 10”2 dilution of CRPV extract reached
a maximum mean GMD of 20 mm at 14 weeks, and there was
no significant difference between papilloma sizes of vaccinated
versus nonvaccinated rabbits (Fig. 1B). These findings con-
firmed our previous observations that DNA vaccinations could
not induce regressions of preexisting papillomas (24). The next
two groups contained rabbits in which only the left two sites
received intralesional cidofovir treatments. A single vaccina-

tion with CRPV El1 plus E2 plus E6 (group C) or vector alone
(group D) was given on day 120. Cidofovir-cured sites totaled
6 out of 8 and 8 out of 10 for groups C and D, respectively.
Recurrent sites which subsequently regressed included one out
of two sites for the vaccinated group versus zero out of seven
sites for the vector-only group (Table 2). Two rabbits (one
from group C and one from group E) had to be euthanatized
while the experimental treatments were ongoing, and data
regarding the outcome of the treatments of the papillomas
from these two rabbits were excluded from the analyses in
Table 2.

The final two groups (E and F) contained rabbits in which all
four papillomas on each rabbit received intralesional cidofovir,
followed by three DNA vaccinations, which were given on days
83, 120 and 155. Several rabbits in each group were treated at
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TABLE 2. Experimental outcome of intralesional cidofovir
followed by DNA vaccinations (experiment no. 1)

No. of sites No. of sites No. of
Group gured b'y recurrent after recurrent
cidofovir intralesional sites that
treatment cure regressed
A (no treatment) NA“ NA NA
B (E1, E2, E6 vaccination) NA NA NA
C (E1, E2, E6 vaccination)  6/8 (75%) 2/6 (33%) 1/2 (50%)
D (vector vaccination) 8/10 (80%) 7/8 (88%) 0/7 (0%)
E (E1, E2, E6 vaccination)  19/23 (83%) 8/19 (42%) 3/8 (38%)
F (vector vaccination) 29/30 (97%)  12/29 (41%)  0/12 (0%)
C+E 25/31 (81%)  10/25 (40%)>  4/10 (40%)°
D+F 37/40 (93%)  19/37 (51%) 0/19 (0%)

“NA, not available.
 Comparison with groups D plus F yielded a P value of 0.443 (Fisher exact test).
¢ Comparison with groups D plus F yielded a P value of 0.009 (Fisher exact test).

two separate time points with intralesional cidofovir in an
attempt to cure recurrent sites. A total of 19 out of 23 (83%)
papillomas were cured with intralesional cidofovir for group E
rabbits which also received viral DNA vaccinations. Of the 19
cured sites, 8 out of 19 (42%) sites recurred, and 3 out of 8
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(38%) of these recurrences subsequently regressed. For group
F rabbits which received intralesional cidofovir and vaccina-
tions with vector only, 29 out of 30 (97%) sites were cured by
intralesional treatments and 12 out of 29 (41%) sites showed
recurrences. All recurrent sites continued to grow without re-
gression in these rabbits (Table 2). Several rabbits with recur-
rent papillomas in groups E and F were subjected to a second
series of intralesional cidofovir treatments from days 175 to
200. These rabbits did not receive any further DNA vaccina-
tions. Again, recurrences after intralesional cidofovir treat-
ment were observed. Data from these additional intralesional
treatments were added to the information in Table 2 for these
two groups. Examples of papilloma growth rates of individual
papillomas of selected rabbits from these two latter groups are
shown in Fig. 2A to D.

Intralesional cidofovir with concurrent DNA vaccination
(experiment 2). The second experiment was designed to deter-
mine whether recurrence rates could be reduced by beginning
the DNA vaccinations at the time of intralesional cidofovir
such that vaccine-induced antiviral immunity would be active
systemically at the time of intralesional cures. Experimental
groups were set up (Table 1) to include rabbits (five per group)
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FIG. 2. Papilloma growth curves for individual rabbits infected at four sites as described in Materials and Methods section. Data from
representative rabbits from group E (receiving cidofovir intralesional treatments and DNA vaccinations with CRPV E1 plus E2 plus E6) and group
F (receiving cidofovir intralesional treatments and DNA vaccinations with vector alone) are plotted as papilloma size against time after infection
with 107" (@, ¥) or 1072 (O, V) dilutions of CRPV extract.
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of papillomas for the corresponding groups were 10, 8, 10, and 10. DNA vaccinations were given on days 21, 35, 50, and 120.

vaccinated with CRPV El1 plus E2, CRPV E6 plus E7, all four
CRPYV genes, or vector alone. All papillomas were intralesion-
ally treated with cidofovir until nearly all sites were cured. Of
the 20 rabbits treated intralesionally, we observed one rabbit
(in group B) in which none of the four papillomas were cured,
despite extended cidofovir treatments (see Fig. 4C, rabbit
10647). Mean papilloma sizes of all cidofovir-cured papillomas
for each group (papillomas that were not cured by cidofovir
were excluded) were plotted over time for sites infected with
high and low doses of CRPV (Fig. 3A and B, respectively). The
mean size of the recurrent papillomas was greatest for vector-
immunized rabbits and El-plus-E2-immunized rabbits and
lowest for the E6-plus-E7- and El1-plus-E2-plus-E6-plus-E7-
immunized rabbits. Selected examples of individual rabbits for
each of the four groups are shown in Fig. 4.

Intralesional cidofovir was able to achieve a long-term cure
of all sites on one of the rabbits, which was vaccinated with

vector alone (Fig. 4A, rabbit 10636). Several complete cures
with cidofovir alone were also obtained in experiment no. 1
(data not shown), and these cures occurred particularly on
those rabbits with smaller papillomas that grew slowly. Recur-
rences rates of cidofovir-cured sites in experiment no. 2 were
10 out of 19 in the vector-vaccinated rabbits versus 3 out of 20
in the rabbits vaccinated with either E6 plus E7 or all four viral
genes (Table 3). In these two latter groups, the recurrences
occurred on only two of the five rabbits such that three rabbits
in each group were completely cured (Table 3). For rabbits
receiving E1 plus E2 vaccinations, there were eight recurrent
sites, confined to two rabbits.

Recurrence rates after intralesional cures. The time to re-
currence of cidofovir-cured papillomas was recorded for each
group, and the data are summarized in Fig. 5. Recurrences
ranged from 1 to 8 weeks after intralesional cure. In general,
the recurrence rates were similar between vector-vaccinated
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FIG. 4. Papilloma growth curves for individual rabbits from experiment no. 2 infected at four sites as described in Materials and Methods. Data
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and viral-gene-vaccinated rabbits for both experiments. A ten-
dency to delayed recurrence for rabbits in groups C and D in
experiment no. 2 was noted, although the sample size was
small.

DISCUSSION

In this study, we combined intralesional antiviral treatments
with viral DNA vaccinations to treat and cure large established
CRPV-induced rabbit papillomas. The CRPV model proved to
be an ideal system to test such an approach for the treatment
of persistent papilloma infections. The CRPV strain that we
use routinely is a progressive strain which produces large pap-
illomas that persist with a very low frequency of spontaneous
regressions (14, 45). In addition, we have observed that topical
and intralesional cures lead to the phenomenon of papilloma

recurrence at the rate of about 50% of cured sites (this report).
This feature of the CRPV rabbit model is relevant to the
situation observed for HPV disease treatment of patients with
genital warts and laryngeal papillomas (4, 5, 16, 56). We have
conducted experiments on outbred rabbits with DNA vaccina-
tions and observed that preimmunizations could lead to pro-
tection against viral challenge (25) but that postinfection vacci-
nations were unable to cure established papillomas (reference
24 and this report). The outbred rabbits are thus immune
competent, but natural and induced host immunity that devel-
ops during infection is insufficient to cure large papillomas. A
combination approach including lesion ablation followed by spe-
cific antiviral immunizations to cure residual and/or subclinical
disease is therefore a logical approach to the treatment of per-
sistent papillomavirus infections.
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TABLE 3. Experimental outcome of intralesional cidofovir with
concurrent DNA vaccinations (experiment no. 2)

No. of sites No. of sites No. of No. of rabbits
Group cured by recurrent after  recurrent sites  with complete
cidofovir intralesional cure that regressed cures of four sites
A 19/20 (95%) 10/19 (53%) 1/10 (10%) 1/5
B 16/20 (80%) 8/16 (50%)*  0/8 (0%) 2/5¢
C  20/20 (100%) 3/20 (15%)°  1/3(33%) 3/5
D 2020 (100%)  3/20 (15%)"  0/3 (0%) 3/5

“ Comparison with group A yielded a P value of 1.000 (Fisher exact test).
> Comparison with group A yielded a P value of 0.019 (Fisher exact test).
¢ One rabbit showed no cures with intralesional cidofovir.

When the two combination experiments were compared, the
data indicated that late initiation of DNA vaccinations (exper-
iment no. 1) had no impact on the frequency of recurrences but
did affect the recurrent lesions, as evidenced by a small number
of regressions. No regressions of recurrent sites were observed
in the vector-only vaccinated rabbits (Table 2). In contrast, for
rabbits receiving DNA vaccinations at the time of intralesional
cidofovir treatments (experiment no. 2), there was a decrease
in the incidence of recurrences (Table 3), but only one out of
six recurrent sites subsequently regressed. These studies sug-
gested that DNA vaccination-induced immunity to the viral
antigens was insufficient for a complete cure of all recurrent
sites in the second experiment. We have used DNA expression
vectors that contain the cytomegalovirus promoter (14) to
drive expression of the viral genes, and this promoter is sus-
ceptible to down-regulation in vivo during certain inflamma-
tory responses which may occur during the boosting immuni-
zations (11, 28, 43). Thus, expression constructs that utilize
different promoters for the boosting vaccinations may induce a
better therapeutic response.

One of 20 rabbits in experiment no. 2 received extended
intralesional cidofovir treatment without being cured, although
reductions were observed (Fig. 4C). Several rabbits in experi-
ment no. 1 also had papillomas that were more resistant to
cidofovir treatment. Other rabbits had papillomas that were
easily cured by intralesional cidofovir (Fig. 4A). These obser-
vations indicated that there were considerable differences in
response to cidofovir by papillomas on individual outbred rab-
bits.

An important observation in these experiments is that DNA
vaccinations after papillomas had become established could
not cure the primary sites. These observations indicated that
there was a critical need for additional therapeutic treatment
of existing lesions to achieve a more effective therapeutic out-
come. A similar situation may occur in patients with persistent
HPYV infections. Current therapeutic approaches to HPV dis-
ease usually include either lesion ablation with antiviral com-
pounds (4, 5, 16, 56) or viral antigen stimulations for the
induction of antiviral immunity (7, 44, 51, 55, 59). The studies
presented here with the CRPV rabbit model suggest that in-
dependent strategies may fail to cure persistent benign papil-
lomas due to lesion recurrences (with antiviral compounds)
and ineffective immunity (with viral antigen immunizations).

Earlier experiments with protective vaccinations using indi-
vidual viral genes demonstrated no effect when E7 alone was
used (14). In contrast, E1 had strong protective immunity and
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both E2 and E6 had moderate protective effects (27, 30, 49,
52). In those rabbits vaccinated with E1 plus E2 and in which
complete protection was not obtained, lesions often regressed
(27, 49). In the studies described here, postinfection vaccina-
tions with E6 plus E7 showed an effective reduction of recur-
rences, whereas E1 plus E2 vaccinations were not as effective
and there were no regressions of recurrences (Table 3). In
addition, postinfection vaccinations alone were unable to cure
existing papillomas (Fig. 1). These data indicate that there are
differences in the antitumor (papilloma) immunity that is trig-
gered in naive animals versus those bearing tumors (papillo-
mas). Such differences in antitumor immunity have been ob-
served in both humans and animals with tumor burden
(reviewed in references 21, 36, 50 and 53).

In conclusion, combination antiviral treatment with DNA
vaccinations has produced cures of large established CRPV-
induced rabbit papillomas and reduced the incidence of lesion
recurrence. Such a strategy may be effective in the treatment of
persistent HPV disease.
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