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Current topical treatments for papillomas use ablative, cytotoxic and immunomodulating strategies and
reagents. However, the effectiveness of topical treatments using different formulations has not been
examined in preclinical models or clinical trials. The purpose of this study was to determine whether for-
mulation of the small molecule acyclic nucleoside, cidofovir (CDV), could lead to improved therapeutic
endpoints following topical treatment of papillomas using the cottontail rabbit papillomavirus (CRPV)/
rabbit model. Different formulations with a set dose of 1% cidofovir were tested to establish comparative
data.

The results demonstrated that anti-papilloma treatments with topical CDV were greatly enhanced
when formulated versus unformulated. Best results were obtained with CDV formulated in cremophor,
then in Carbomer 940, and then in DMSO. Further studies indicated that effective formulations led to
complete cures of papillomas at dilutions less than 0.3% CDV. These studies together with previous obser-
vations demonstrated that unformulated CDV under the same treatment regime required doses of 2% to
achieve cures demonstrating that much less compound can be used when properly formulated.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Currently approved topical treatments for warts include a vari-
ety of strategies such as ablation, cytotoxic reagents and immuno-
modulators. Ablative techniques involve curettage with scalpel,
lazer or freezing (Ferenczy et al., 1995; Wollina et al., 2001; Oni
and Mahaffey, 2011; Khandelwal et al., 2013); topical cytotoxic
treatments include salicylic acid, trichloroacetic acid, acyclic
nucleosides, podophyllotoxin, and photodynamic treatments
(Snoeck, 2006); immunomodulators include interferon A, contact
sensitizers such as dichlorobenzene and innate immune activators
such as imiquimod (Schofer et al., 2006; Gallagher and Derkay,
2009). In general, the treatments show modest levels of efficacy
(clinical outcomes summarized recently in (Kwok et al., 2012)),
and include several side effects as well as recurrences (Gye et al.,
2013). Improved outcomes are noted in combination treatment
approaches (Kaspari et al., 2002; Lu et al., 2012; Xu et al., 2013).
Thus, preclinical models to assess new and improved therapies
for the treatment of HPV-associated diseases are needed, despite
the existence of effective prophylactic vaccines (Kwok et al.,
2012; Coremans and Snoeck, 2009).

Preclinical model systems to compare various antivirals and
improved formulations are lacking, with the exception of the cot-
tontail rabbit papillomavirus (CRPV) cutaneous wart model
(Ostrow et al., 1992; Bodily et al., 1999;Christensen, 2005), the
canine oral papillomavirus model (Chambers and Evans,
1959;Nicholls and Stanley, 1999) and the multi-mammate rat
model (Amtmann et al., 1984; Nafz et al., 2008). We and others
have used the cutaneous CRPV rabbit model extensively to exam-
ine antiviral activities (Duan et al., 2000; Kreider et al.,
1992;Christensen, 2005), prophylactic and therapeutic vaccines
(Breitburd et al., 1995; Jensen et al., 1997; Leachman et al., 2002)
and virological studies (Hu et al., 2007). In general, the observa-
tions obtained in the rabbit model show general correlations with
clinical studies (Christensen, 2005), including the phenomenon of
post-treatment recurrences (Christensen et al., 2001).

Clinical trials with cidofovir (CDV) have demonstrated effective-
ness against vaginal warts, skin warts and laryngeal papillomas
(Van et al., 1995;De, 1996; Safrin et al., 1997; Davis et al., 2000;
Snoeck et al., 2001a,b; Stragier et al., 2002;DeRossi and
Laudenbach, 2004;Silverman and Pitman, 2004). The delivery
strategies included topical applications in saline or gel, as well as
intralesional injections. The observation of clinical recurrences

http://crossmark.crossref.org/dialog/?doi=10.1016/j.antiviral.2014.06.001&domain=pdf
http://dx.doi.org/10.1016/j.antiviral.2014.06.001
mailto:ndc1@psu.edu
http://dx.doi.org/10.1016/j.antiviral.2014.06.001
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral


N.D. Christensen et al. / Antiviral Research 108 (2014) 148–155 149
after treatments and additional local and systemic side-effects has
limited the use of this compound as a general anti-papillomavirus
clinical strategy. Some of these treatment failures however may be
attributable to inadequate delivery of cidofovir and the potentially
short ‘‘window’’ of the treatments when unformulated (Snoeck
et al., 2001a). Preclinical models provide opportunities to directly
compare various treatment strategies that could improve clinical
outcomes. Despite the existence of an effective prophylactic vac-
cine against several HPV types, this vaccine does not induce a
post-infection therapeutic response (Munoz et al., 2009). There
continues to be an unmet need for effective anti-papillomavirus
treatments for existing infections and for those patients that do
not receive the prophylactic vaccine. In addition, a combination
of antiviral and therapeutic T-cell based vaccines may ultimately
be the best strategy to cure persistent papillomavirus infections
and HPV-associated precancerous lesions.
2. Materials and methods

2.1. Inoculation of rabbits with CRPV viral DNA

The studies were reviewed and approved by the Penn State Uni-
versity (PSU), College of Medicine IACUC, and the PSU Biological
Safety and Recombinant DNA Committee. Rabbits were inoculated
at 4 back sites with CRPV viral DNA using our recent delayed-
scarification protocol that greatly improves the efficiency of
infection with both viral DNA and infectious virions (Cladel et al.,
2008). Our standard antiviral testing protocol (Christensen, 2005)
is to establish two sites on the right (R) and left (L) side of rabbits
with wild-type CRPV DNA (wtCRPV) and two sites on the right and
left side of the rabbits with E8 mutant CRPV DNA (mE8-CRPV) (Hu
et al., 2002). The latter viral genome develops papillomas that are
substantially attenuated such that the papillomas are small, slow-
growing and better mimic the clinical tumor mass and size of
human warts. In contrast, the wtCRPV-induced sites grow rapidly
and reach a diameter of 15–20 mm in 8–10 weeks (Hu et al.,
2002), such that these lesions represent a significant challenge to
antiviral treatments.

2.2. Treatments

The topical treatments were conducted daily for 5 days per
week by applying compound in 100 ll doses onto the left-side only
papillomas. Treatments began at either week two, three or four
depending upon the study, and the duration of the treatments ran-
ged from two to five weeks. The right-side papillomas were
untreated and represent internal controls for the treated papillo-
mas for each rabbit, and were compared to the placebo-treated
papillomas in the control group to determine whether topically
applied compounds have systemic effects. The compounds were
Table 1
Outcome of treatments for individual sites in the formulation experiment.

Group and treatments Papillomas induced with 5 lg wtCRP

Growth inhibitiona Curesb

Group A (1% cidofovir in saline) 1/4 0/4
Group B (1% cidofovir in 10% DMSO) 2/4 1/4
Group C (1% cidofovir in Carbomer 940) 0/4 2/4
Group D (1% cidofovir in cremophor) 0/4 4/4
Group E (saline) 0/2 0/2
Group F (10% DMSO) 0/2 0/2
Group G (Carbomer 940) 0/2 0/2
Group H (cremophor) 0/2 0/2

a Papillomas per infected sites.
b Cured papillomas per infected sites.
c Recurrences per cured papillomas.
delivered via 1 ml syringes without needles, and if formulated into
a gel were gently spread over the surface of the infected area (prior
to papilloma appearance) or over the surface of the papilloma (if
apparent). Skin tattoo spots next to the sites of infection were used
as guides to locate the original site of the viral infection for early
treatments and to positionally identify sites of cures.

2.3. Formulations

Compounds were formulated as described below. A 2% stock of
cidofovir in saline was prepared from which the final formulations
were developed. The 1% cidofovir in saline formulation was pre-
pared by diluting the 2% stock 1:2 with saline to make a final 1%
solution. The 1% cidofovir in 10% DMSO formulation was prepared
by adding the appropriate amount of DMSO and saline to achieve
a final concentration of 1% cidofovir in 10% DMSO. A 2% stock of Car-
bomer 940 was prepared using saline, and diluted with 2% cidofovir
in saline to achieve a final gel containing 1% cidofovir in 1% Carbo-
mer 940. The final formulation was a 50:50 emulsion containing 2%
cidofovir in saline and cremophor. The emulsion was prepared by
mixing the solutions together using two glass syringes and a luer-
lock device in a procedure often used to develop emulsions for anti-
gen–adjuvants that use oil-based formulations. All formulations
were taken up in 1 ml syringes and stored at 4 �C prior to use. Each
syringe was used once for each daily group treatment.

2.4. Statistical analyses

Students t-test and Mann–Whitney Rank Sum test were con-
ducted on mean papilloma sizes for treated versus untreated sites
for wtCRPV and mE8-CRPV at weekly time points to determine
whether significant (p < 0.05) differences in papilloma size were
observed. The Mann–Whitney Rank Sum test was used when the
data sets failed the Normality Test (Shapiro–Wilk) for the t-test.
Graphics and statistics were conducted using SigmaPlot 11.0 soft-
ware (Systat Software Inc., San Jose, CA).

3. Results

A series of experiments were conducted to test various formu-
lations of cidofovir in the CRPV rabbit model. Cidofovir was chosen
as the candidate compound as we and others have shown efficacy
in the rabbit model even in the absence of any formulation (Duan
et al., 2000; Christensen et al., 2000). We have observed significant
activity of cidofovir in saline when daily treatments of 2% cidofovir
were used topically (Christensen et al., 2000). We have also
obtained therapeutic clearance of CRPV-induced papillomas by int-
ralesional delivery of cidofovir in saline (Christensen et al., 2001).
However, we noted that recurrences were common (Christensen
et al., 2001), as also found in clinical treatments of both genital
V Papillomas induced with 5 lg mE8-CRPV

Recurrencesc Growth inhibitiona Curesb Recurrencesc

0/0 1/4 0/4 0/0
0/1 3/4 1/4 0/1
1/2 0/4 4/4 1/4
0/4 0/4 4/4 0/4
0/0 0/2 0/2 0/0
0/0 0/2 0/2 0/0
0/0 0/2 0/2 0/0
0/0 0/2 0/2 0/0
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(Snoeck et al., 2001b) and laryngeal warts (Gallagher and Derkay,
2009).
3.1. Different formulations of cidofovir establish different levels of anti-
papilloma activity

We first conducted a comparative study in which the same
concentration of cidofovir (1%) was tested topically in different
formulations. The comparative study included cidofovir unformu-
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Fig. 1. Mean + SEM papilloma size of wtCRPV induced left-side (L) papillomas treated w
induced papillomas treated with compound (s) or untreated (r). Each point represen
papillomas on 2 rabbits (formulations without cidofovir). Topical treatments began at da
in saline (A), 1% cidofovir in 10% DMSO (B), 1% cidofovir in Carbomer 940 (C), 1% cidof
(p < 0.05 marked with asterisk): (Graphs A, B, E and F) no significant differences; (Graph C
Whitney Rank Sum test p < 0.05 for L1 versus R1, weeks 5–8, and Mann–Whitney Rank
lated (saline), formulated in 10% DMSO, formulated in 2% Carbo-
mer 940, and formulated as a 50:50 emulsion in cremophor. We
chose 1% cidofovir as in past studies, because unformulated
cidofovir at 1% showed only little to modest therapeutic effects
(Christensen et al., 2000). Six groups of rabbits were infected with
wtCRPV and mE8-CRPV as described in the methods section. On
day 19, the topical treatments were initiated at a time when pap-
illomas were not clinically evident or were very small, so as to
maximize the therapeutic potential of the topical treatments. Con-
trol groups contained treatments with the formulations without
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ith compound (d) or right-side (R) papillomas that were untreated (.); mE8-CRPV
ts weekly measurements of 4 papillomas on 4 rabbits (cidofovir treatments) or 2
y 19, and were daily applications for 5 days per week. Treatments were 1% cidofovir
ovir in cremophor (D), cremophor alone (E) and Carbomer 940 alone (F). Statistics
) Mann–Whitney Rank Sum test p < 0.05 for L2 versus R2, week 8; (Graph D) Mann–
Sum test p < 0.05 L2 versus R2, week 7.
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cidofovir. The outcome of these treatments is presented in Table 1
and Figs. 1–3.

Strong anti-papilloma activity against wtCRPV-induced infec-
tions was observed with cidofovir formulated in Carbomer 940
leading to 2 of 4 sites cured in 2 of the 4 treated rabbits (Table 1,
Figs. 2 and 3, rabbits A–D). However, mean papilloma size differ-
ences were not significantly different using Student t-test and
Mann–Whitney Rank Sum tests. In contrast, cidofovir formulated
in cremophor lead to complete cures of all sites treated (Fig. 1C
and D and Figs. 2 and 3, rabbits E and F). The treatment period
for cidofovir formulated in cremophor was reduced to only a
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C. CDV (carbomer 940)

E. CDV (cremophor)

Fig. 2. Papilloma growth on individual rabbits topically treated with 1% cidofovir in Carb
GMDs of wtCRPV induced papillomas treated with compound (d) or left untreated (.); m
(L) sites were treated and right (R) sites were untreated. The four rabbits in graphs A–D
responders (C and D). Two representative examples are shown for 1% cidofovir in crem
two-week period because complete cures were obtained, and
because there were some local redness and slight blistering at
the treatment sites at the end of week two. Cidofovir in saline
had no effect, and when formulated in 10% DMSO showed weak
effects (1/4 sites were cured; Fig. 1A and B) in which mean papil-
loma sizes compared with untreated sites were statistically non-
significant, but some growth inhibition was observed. Cremophor
and Carbomer 940 formulated in saline had no effect on papilloma
growth rates, and no cures were observed (Fig. 1E and F). The num-
ber of sites that were cured or showed reduced growth rates are
summarized in Table 1.
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omer 940 (A–D) and 1% cidofovir in Cremophor (E and F). Symbols represent weekly
E8-CRPV induced papillomas treated with compound (s) or left untreated (r). Left
demonstrate 2 successful treatment responders (A and B) and two treatment non-

ophor (E and F) showing complete treatment responders.
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Fig. 3. Rabbits topically treated with 1% cidofovir in Carbomer 940 (A–D) and 1% cidofovir in cremophor (E and F) at week 8 for rabbits shown in Fig. 2. The head is to the left
and the lower sites representing the left side are the treated sites.
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When treatments against the clinically smaller papillomas initi-
ated with mE8-CRPV were analyzed, the following observations
were obtained:

(i) There were no cures using cidofovir in saline; 1 of 4 sites
were cured with cidofovir in 10% DMSO; all sites treated
with cidofovir formulated in Carbomer 940 and cremophor
were cured (Table 1).

(ii) No sites treated with saline, Carbomer 940 or cremophor
were cured or showed growth inhibition.

3.2. Titration of formulated cidofovir

In the first set of experiments, cidofovir formulated in cremo-
phor showed the strongest antiviral activity, and complete cures
were observed using 1% formulated cidofovir (Fig. 1D). The next
set of experiments was designed to determine the lowest dose of
formulated cidofovir that showed anti-papilloma activity. Three
doses of formulated cidofovir were tested, including 0.3%, 0.1%
and 0.03%, beginning at week two after infection. The data showed
that complete cures were established using 0.3% formulated
cidofovir against wtCRPV infections (Fig. 4A) and complete cures
against mE8-CRPV-induced lesions for all three doses (Fig. 4).
Cremophor alone had no anti-papilloma activity (Fig. 4D). For the
0.3% formulated treatment groups, we noted that there were some
recurrences after treatment cessation, a phenomenon that we have
observed previously (Christensen et al., 2001).
3.3. Time course treatments with formulated cidofovir

The previous treatments were begun at week two, or between
weeks 2 and 3, at a time prior to the clinical appearance of papil-
lomas. The next set of experiments was designed to determine
the effectiveness of topical formulated cidofovir on existing papil-
lomas to establish a more clinically relevant test. The experiment
was designed to begin treatments at different time points begin-
ning at week 2, 3 and 4, and the data are shown in Fig. 5. We also
set the formulation at 1% cidofovir in cremophor to ensure a strong
antiviral dosing schedule. The data demonstrated that complete
cures against wtCRPV-induced lesions can be achieved when the
treatments begin at week 3, at a time when papillomas are evident.
Even delaying the start of treatments until week 4 showed strong
antiviral activity in some instances, especially against the smaller
papillomas induced by mE8-CRPV (Fig. 5C). As observed previ-
ously, cremophor alone had no effect on papilloma growth
(Fig. 1D). Frequencies of papilloma cures and growth reductions
are presented in Table 2.
4. Discussion

Preclinical models are needed to compare different formulations
and combination treatments for most effective antiviral treatments
against papillomavirus infections. The species and tissue restriction
of papillomaviruses prevent direct preclinical testing of HPV infec-
tions in vivo in laboratory settings in immunocompetent hosts. The
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Fig. 4. Mean + SEM papilloma size of wtCRPV induced papillomas treated with compound (d) or left untreated (.); mE8-CRPV induced papillomas treated with compound
(s) or left untreated (r). Each point represents weekly measurements of 4 papillomas on 4 rabbits. Topical treatments began at day 14 and were daily applications for 5 days
per week. Treatments were 0.3% cidofovir formulated in cremophor (A), 0.1% cidofovir formulated in cremophor (B), 0.03% cidofovir formulated in cremophor (C) or
cremophor alone (D). Left (L) sites were treated and right (R) sites were untreated. Statistics (p < 0.05 marked with asterisk): (Graph A) t-test p < 0.05 for L1 versus R1, weeks
3–6; (Graph B) Mann–Whitney Rank Sum test p < 0.05 for L2 versus R2, weeks 5–6; (Graphs C and D) no significant differences between treated versus untreated sites for any
week.
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CRPV/rabbit model has been the most effective animal model for
testing due to a number of outcomes that are relevant to the clinical
situation, especially including cutaneous lesions that are amenable
to topical, intralesional and systemic treatments (Kreider et al.,
1990, 1992; Ostrow et al., 1992; Lofgren et al., 1994; Shikowitz
et al., 1986;Christensen, 2005).

We and others have used the CRPV rabbit model for testing var-
ious antivirals for activity against papillomavirus infections and
the model shows correlates with clinical treatments with the same
compounds (Kreider et al., 1992; Christensen et al., 2000). In addi-
tion, the CRPV rabbit model has been used to test unformulated
cidofovir topically, intralesionally and systemically (Christensen
et al., 2000; Duan et al., 2000). The data demonstrate that daily
topical and intralesional treatments can be effective when 1%
unformulated compound is used although in some studies only
partial growth reductions are seen (Christensen et al., 2000). In
the present study we have noted that when 1% cidofovir was
applied daily for 5 (not 7) days per week, there were minimal
effects on papilloma growth (Fig. 1A). In order to improve clinical
outcomes, we tested several different formulations to determine
whether the efficacy of 1% cidofovir could be improved, and the
studies demonstrated a clear and significant improvement when
formulated in cremophor as an emulsion (Fig. 1D). The mechanism
by which cidofovir acts on papilloma growth inhibition is unclear,
but most likely occurs via cellular cytotoxicity at the site of appli-
cation. Given that cidofovir is a nucleoside analog, and that papil-
lomaviruses replicate via cellular polymerases, the effects on
papillomavirus life cycle are likely to be indirect.

Cidofovir has been used successfully to treat various papillomas
in clinical settings including laryngeal papillomas, genital and
cutaneous warts (De, 1996;Snoeck et al., 2001a). The outcome of
these studies is in general some growth inhibition and some pro-
portion of cures but with recurrences, particularly upon treatment
cessation. Most of these treatments included unformulated cidofo-
vir for intralesional injections into laryngeal papillomas (DeRossi
and Laudenbach, 2004;Kimberlin, 2004) and cidofovir formulated
into a gel for several genital wart treatment studies (Snoeck
et al., 2001b). Comparative and control studies were not generally
presented in these trials.

Improved efficacy of formulated cidofovir in the current CRPV/
rabbit model studies presented here may be due to a ‘‘depot’’ effect
such that the compound has a more sustained and continuous
release into the papilloma tissue. However, the formulations them-
selves using cremophor emulsion and Carbomer 940 showed local
physical differences that may help explain the different outcomes.
The Carbomer gel treatments tended to dry quickly and establish a
crust over the papilloma whereas the cremophor emulsion
remained as a thick gel that was absorbed into the papilloma more
effectively. DMSO-formulated cidofovir was less viscous and was
quickly absorbed into the tissue. These observations may explain
the reduced efficacy of the Carbomer formulation in which less
penetration of the compound was the likely outcome of the dried



Weeks after DNA Infection

0 1 2 3 4 5 6 7 8 9

P
ap

ill
om

a 
S

iz
e 

(G
M

D
) 

in
 m

m

-4

-2

0

2

4

6

8

10

12

14

16

18

20

Treatment

Weeks after DNA Infection

0 1 2 3 4 5 6 7 8 9

P
ap

ill
om

a 
S

iz
e 

(G
M

D
) 

in
 m

m

-4

-2

0

2

4

6

8

10

12

14

16

18

20

Treatment

Weeks after DNA Infection

0 1 2 3 4 5 6 7 8 9

P
ap

ill
om

a 
S

iz
e 

(G
M

D
) 

in
 m

m

-4
-2
0
2
4
6
8

10
12
14
16
18
20
22
24
26
28

Treatment

Weeks after DNA Infection

0 1 2 3 4 5 6 7 8 9

P
ap

ill
om

a 
S

iz
e 

(G
M

D
) 

in
 m

m

-4
-2
0
2
4
6
8

10
12
14
16
18
20
22
24

Treatment

A. CDV (2-4 weeks)

D. Cremophor alone

B. CDV (3-6 weeks)

C. CDV (4-8 weeks)

*
*

*

*

*
*

* *

*

*

*

Fig. 5. Mean + SEM papilloma size of wtCRPV induced papillomas treated with compound (d) or left untreated (.); mE8-CRPV induced papillomas treated with compound
(s) or left untreated (r). Each point represents weekly measurements of 5 papillomas on 5 rabbits. Topical treatments began at day 14 (A) and (D), day 21 (B) or day 28 (C)
and were daily applications for 5 days per week. Treatments were 1% cidofovir formulated in cremophor (A–C) and cremophor alone (D). Left (L) sites were treated and right
(R) sites were untreated. Statistics (p < 0.05 marked with asterisk): (Graph A) t-test < 0.05 for L1 versus R1, weeks 4–7, and L2 versus R2, weeks 6–7; (Graph B) t-test < 0.05 for
L1 versus R1, weeks 5–7, and Mann–Whitney Rank Sum test <0.05 for L2 versus R2, week 7; (Graph C) Mann–Whitney Rank Sum test p < 0.05 L2 versus R2, week 7; (Graph D)
no significant differences for any week between treated versus untreated sites.

Table 2
Outcome of treatments for individual sites in the time-course treatment with formulated cidofovir.

Group and treatments Papillomas induced with 5 lg wtCRPV Papillomas induced with 5 lg mE8-CRPV

Growth inhibitiona Curesb Recurrencesc Growth inhibitiona Curesb Recurrencesc

Group A (weeks 2–4) 0/5 5/5 0/5 0/5 5/5 0/5
Group B (weeks 3–5) 0/5 5/5 0/5 0/5 5/5 0/5
Group C (weeks 4–8) 4/5 0/5 0/0 0/5 5/5 0/5
Group D (cremophor alone) 0/5 0/5 0/0 0/5 0/5 0/5

a Papillomas per infected sites.
b Cured papillomas per infected sites.
c Recurrences per cured papillomas.

154 N.D. Christensen et al. / Antiviral Research 108 (2014) 148–155
crust overlay and reduced time of continuous treatments of the
DMSO-formulated treatments.

From these studies we conclude that formulated compounds
with potential anti-papilloma activity will benefit from formula-
tion testing in preclinical papilloma models. There is the likelihood
that promising antiviral compounds will be dismissed as inactive if
unformulated compounds only are screened for activity.
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