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Malignant progression is a life-threatening consequence of human papillomavirus-associated lesions. In
this study, we tested the efficacy of papillomavirus early-gene-based vaccines for prevention of carcinoma
development of papillomavirus-induced skin papillomas on rabbits. Rabbit skin papillomas were initiated by
infection with cottontail rabbit papillomavirus (CRPV). The papillomas were allowed to grow for 3 months
without any treatment intervention. Rabbits were then immunized by gene gun-mediated intracutaneous
administration of four DNA plasmids encoding CRPV E1, E2, E6, and E7 genes, respectively. All eight control
rabbits receiving vector alone developed invasive carcinoma within 8 to 13 months. In contrast, only two of
eight vaccinated rabbits developed carcinoma at 12 and 15 months, respectively. Papilloma growth was
suppressed in the majority of vaccinated rabbits but not completely eradicated. These results indicate that gene
gun-mediated immunization with papillomavirus early genes may be a promising strategy for prevention of
malignant progression of human papillomavirus-associated lesions in humans.

High-risk human papillomaviruses (HPVs), such as HPV
type 16 (HPV16) and HPV18, first induce benign mucosal
and/or cutaneous hyperproliferative lesions that may sponta-
neously regress or persist and in some patients progress to
invasive cancer (32). Epidemiological observations (3) to-
gether with those of a functional in vitro study of papilloma-
virus-encoded oncogenes (20) provide strong evidence that
high-risk HPV infection plays a crucial role in the development
of anogenital cancer, particularly cervical carcinoma, the sec-
ond most common cancer in women worldwide. HPV infection
is also linked to carcinoma development at other anatomical
sites (29). Animal models of papillomavirus infection which
mimic features of HPV-induced carcinoma are essential for
studying immune responses to these virally induced cancers.
One well-characterized model is the cottontail rabbit papillo-
mavirus (CRPV) model (this virus infects cottontail rabbits, its
natural host, and domestic rabbits). CRPV infection of New
Zealand White (NZW) rabbits initially induces benign skin
tumors (papillomas or warts) which may spontaneously regress
or progress to invasive carcinoma (16). The natural history of
CRPV-induced warts resembles that of human genital HPV
infection (16). Recently, the CRPV-rabbit model has been
used extensively for developing and testing papillomavirus ear-
ly-gene-based (13, 14, 26, 31) and late-gene-based (4) vaccines.
All these early studies tested the efficacy of vaccination for
protection of animals against viral challenge. In our laboratory,
rabbit skin warts induced by one CRPV isolate (CRPV-Her-
shey) showed a very low incidence of spontaneous regression
(,2%) and developed invasive carcinoma on all rabbits with

persistent virus infection within about 1 year (7). The model
thus provides opportunities to test therapeutic vaccination
against both benign (papilloma) and malignant (carcinoma)
tumor cells. Our previous study with the CRPV-rabbit model
demonstrated that gene gun-mediated intracutaneous vaccina-
tion with a combination of CRPV E1, E2, E6, and E7 genes
provided protection of rabbits from viral challenge (13). In this
study, we tested whether the same strategy could eradicate
established viral warts and/or prevent malignant progression of
established but initially benign viral warts.

CRPV E1, E2, E6, and E7 genes were cloned into V1Jns
plasmid (13). Recombinant plasmid DNA was precipitated
onto 1.6-mm-diameter gold particles at a ratio of 1 mg of
DNA/0.5 mg of gold particles. The inner surface of Tefzel
tubing was then coated with gold particles following the man-
ufacturer’s protocol (Bio-Rad, Hercules, Calif.).

NZW rabbits were purchased from Covance Research Prod-
ucts Inc. (Denver, Pa.). CRPV stock was previously prepared and
stored at 270°C (1). Prior to use, viral stocks were quickly
thawed, sonicated for 1 min, and diluted 100-fold with phosphate-
buffered saline. Sixteen rabbits were divided into two groups, and
each rabbit was infected with CRPV at four dorsal sites. Rabbit
backs were shaved with electric clippers, and 100 ml of virus
suspension was administered onto each scarified site (1.5 by 1.5
cm). Scarification was achieved using a scalpel blade held perpen-
dicular to the skin surface. Visible viral warts appeared on all
infected sites within 3 to 4 weeks. Skin warts induced with this
dose of CRPV had a very low incidence of spontaneous regres-
sion and high incidence of malignant progression (7). The warts
were allowed to grow without any intervention for about 3
months. Spontaneous regression of the warts was not observed,
indicating that antiviral immunity, if any, was weak in these rab-
bits. Four months following virus infection (about 3 months after
wart outgrowth), one group of rabbits was immunized with four
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recombinant DNA plasmids encoding CRPV E1, E2, E6, and E7
genes, and rabbits in the second group received vector plasmid
only as controls. Rabbits were immunized by gene gun-mediated
intracutaneous delivery of plasmid DNA, in which DNA-gold
particles were bombarded at 400 lb/in2 onto rabbit dorsal skin
sites which were shaved and then treated with depilatory lotion
(Nair roll-on hair remover; Carter-Wallace, Inc., New York,
N.Y.) for the first three treatments at 3-week intervals. For the
last three immunizations, DNA-gold particles were delivered
onto the inner surface of the ear at 2-month intervals. For the
vaccination group, individual animals received 20 mg of plasmid
DNA for each construct (V1JnsE1, V1JnsE2, V1JnsE6, and
V1JnsE7) for each immunization. Vaccinations were delivered to
separate but adjacent sites for individual constructs. For the con-
trol group, rabbits received 20 mg of plasmid vector DNA for each
immunization.

Papilloma size (width 3 length) was measured weekly for 8
consecutive weeks following the first vaccination. Papillomas
on the rabbits showed considerable variation in size. However,
before vaccination, there was no statistical difference between
total papilloma size for the two groups of rabbits (P 5 0.328 by
t test). Papilloma growth on vaccinated rabbits, however, was
suppressed (Fig. 1). At 8 weeks after the first vaccination, only
one rabbit in the vaccinated group showed an increased pap-
illoma size of more than 50%. Papilloma size showed a slight
increase on two other vaccinated rabbits (111 and 18%), and
a decrease on the remaining five vaccinated rabbits (261, 217,
267, 270, and 224%). In contrast, papilloma size on five
control rabbits was markedly increased (1118, 1114, 1285,
161, and 1140%). Papilloma sizes on one control rabbit was
slightly increased, and on the remaining two rabbits, there was
a decrease in papilloma sizes (217 and 219%) (Fig. 1). Total
papilloma sizes on control rabbits doubled compared to the
prevaccination sizes. At the end of 8 weeks following the first
vaccination, the total papilloma size on vaccinated rabbits was
significantly less than that on control rabbits (P 5 0.006 by t
test). It is noteworthy that although papilloma growth was
suppressed by early-gene vaccination in the majority of rabbits,
none of the established papillomas were completely eradicated,
demonstrating that the immunity so induced was insufficient to
eradicate established, large viral papillomas.

To evaluate whether the immunity so induced could prevent
or delay carcinoma development of CRPV-induced papillo-

mas, rabbits were monitored for 16 months after viral infec-
tion. Typical gross and histological characteristics of viral pap-
illomas are shown in Fig. 2A and C, respectively. Invasive
carcinoma was observed as early as 8 months after virus infec-
tion (Table 1). An early sign of malignant progression is usually
light exudation on the top of the papillomas, followed by rapid
growth and an ulcerating surface. Central necrosis of the pap-
illomas and invasive growth to the adjacent tissue are typical
characteristics of malignant conversion of late-stage papillo-
mas (Fig. 2B). In this study, all carcinoma development was
confirmed by histological examination. Biopsies of carcinoma
showed moderately well-differentiated tumor cells in subepi-
thelial tissue (Fig. 2D). At the end of 10 months after virus
infection, three of eight control rabbits (37.5%) developed
invasive carcinoma, whereas none of the eight vaccinated rab-
bits (0%) developed carcinoma. In the vaccinated group at 12
months postinfection, one rabbit died without cancer and one
rabbit developed invasive cancer (12.5%). In contrast, five of
eight (62.5%) control rabbits developed invasive cancer. By 14
months after viral infection, all eight control rabbits developed
invasive carcinoma, whereas in the vaccinated group, no addi-
tional rabbits developed cancer, and one rabbit died due to
other causes. At this time point, the incidences of malignant
progression of papillomas were 100% (eight of eight) for control
rabbits and only 16.6% (one of six) for the vaccinated rabbits. Five
vaccinated rabbits without cancer were monitored for another 3
months. One rabbit developed invasive cancer at 15 months fol-
lowing virus infection. The remaining rabbits showed no sign of
carcinoma development (Table 1). These data indicated that pap-
illomavirus early-gene-based intracutaneous vaccination pre-
vented and/or delayed malignant progression of papillomavirus-
induced benign lesions on rabbits (eight of eight versus two of six;
P 5 0.015 by Fisher’s exact test).

An early study found that the incidence of wart regression or
progression was related to particular viral isolates and to dif-
ferent rabbit species (22). More-recent studies discovered that
both regression and malignant progression of viral warts are
linked to rabbit major histocompatibility complex (MHC) class
II genes (10) and also to a given viral variant (5) (R. Han,
unpublished observations). In order to investigate whether the
increased incidence of malignant progression was linked to the
MHC class II gene alleles in these rabbits, we typed rabbit
MHC class II DQa and DRa genotypes by restriction fragment

FIG. 1. Papilloma sizes on vaccinated (A) and nonvaccinated control (B) rabbits at the time point before vaccination (week 0) and at four and eight weeks following
the first vaccination. Papilloma size of individual rabbits (R1 to R16) represents the sum of papilloma sizes at four infection sites.
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length polymorphism (RFLP) analysis (17). Three DRa EcoRI
bands (Table 1) were found, are referred to as DRaA (6.0 kb),
DRaB (5.6 kb), DRaD (4.8 kb), and are in agreement with
sizes previously reported (10). Homozygous rabbits showed
single-band patterns, and heterozygotes showed two-band pat-
terns (Table 1). Four DQa PvuII bands were found in these
rabbits and are referred to as DQaB (6.3 kb), DQaC (5.9 kb),
DQaD (4.8 kb), and DQaE (3.0 kb) (Table 1) as defined
previously (10, 17). However, we observed that some rabbits
showed a three-band pattern (Table 1), suggesting that new
DQa haplotypes are represented in this population of NZW
rabbits. Table 1 showed DRa and DQa RFLP genotypes for
each rabbit. None of the DRa and DQa RFLP alleles was
found to be linked to an increased incidence of malignant
progression.

We evaluated T-cell-mediated immunity by in vitro prolifera-
tion assays 1 week after the third immunization (13). Peripheral
blood mononuclear cells (PBMCs) were prepared from ear arte-
rial blood and stimulated in vitro with CRPV E1, E2, E6, or E7
proteins that were prepared using the baculovirus expression sys-
tem as previously described (13). Stimulation indices (SI) are
shown in Table 2. The observation that control rabbits also had
weak proliferative responses indicated that the viral papillomas
alone could prime cell-mediated immune responses, and these
data agree with those of a prior study (25). Negative responses (SI
of ,2) were seen in both vaccinated and control rabbits. In gen-
eral, there were stronger positive responses in the vaccinated
group than in the control group (Table 2). Unexpectedly, all
tested rabbits showed negative responses to E6 protein. We do
not believe the negative responses resulted from general technical
failure of this assay, because all four proliferation assays were
conducted concurrently. In addition, the E6 fusion protein was
quantified and checked by Western blotting. However, we cannot

conclude that E6 vaccination played no role in the prevention of
malignant progression. In our earlier study, we found that the
magnitude of in vitro proliferative responses did not correlate
with in vivo protective immunity (13).

We previously demonstrated that gene gun-mediated intracu-
taneous vaccination with the combination of CRPV E1, E2, E6,
and E7 genes protected rabbits against virus challenge (13). In
this study, we showed that the immunity induced after papillomas
had developed suppressed papilloma growth and prevented
and/or delayed the development of invasive carcinoma. However,
established papillomas could not be eradicated, suggesting that
the vaccination-induced immunity was insufficient to accomplish a
complete therapeutic response. This may be due to the mass of
established papillomas or to a locally unfavorable environment
that may reduce the efficacy of effector cells that can kill tumor
cells. For example, tumor mass may be determined by a balance
between tumor cell proliferation and tumor cell destruction. If the
number of tumor cells destroyed by immune effector cells is less
than the tumor cell proliferation rate, then tumor will continue to
grow. It was observed that infiltration of lymphocytes are mainly
located in the dermis beneath viral lesions (27). We propose that
the basal lamina is likely a barrier for lymphocyte penetration into
the epidermis to kill virus-infected cells. However, malignant
transformed cells in the epidermis first invade through the basal
lamina and form microinvasive lesions in the dermis that are
exposed to infiltrating lymphocytes which may effectively destroy
these malignant tumor cells. This may explain why the vaccina-
tion-induced immunity was not effective in the eradication of
established lesions but effective in the prevention of malignant
progression. In this study, two of eight vaccinated rabbits devel-
oped invasive carcinoma which occurred later than carcinoma
onset in control rabbits. These observations suggest that stronger

FIG. 2. Gross and histological characteristics of papillomas and malignant tumors on vaccinated and control rabbits. (A) Papillomas on a vaccinated rabbit. The
lesion shows limited amounts of horny tissue on the top of the papillomas. The photograph was taken 9 weeks following the first vaccination. Bar, 1.5 cm. (B) Carcinoma
on a nonvaccinated rabbit. Cancer shows invasive growth into adjacent tissue with ulcerating surfaces and necrosis in the middle of the carcinoma. Bar, 2.0 cm. (C)
Papilloma on a vaccinated rabbit showing histological characteristics of papillomavirus-infected benign epithelial lesion. Magnification, 315. (D) Carcinomas showing
tumor cells in dermis. Magnification, 3100. Hematoxylin and eosin stain was used in panels C and D.
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immunity in these two rabbits is needed to accomplish complete
prevention of invasive carcinoma development.

Malignant progression of papillomavirus-induced lesions is
proposed to proceed through a multistage process. In vitro studies
showed that CRPV E6, E7, E8, and E5 have transforming po-
tential (11, 19). Cell-mediated immunity is likely to control this
process by elimination of malignantly transformed cells and/or by
a reduction of the number of virus-infected cells which have the

potential to become transformed. In high-risk HPV-infected le-
sions (30) and CRPV-induced skin papillomas (23), expression of
E1, E2, E6, and E7 genes have been detected in the epithelial
basal and suprabasal layers by in situ RNA-RNA hybridization.
Theoretically, cytotoxic T lymphocytes (CTLs) specific for E1 and
E2 antigens can kill virus-infected cells in the basal and suprabasal
layers of epithelium, thus suppressing viral tumor growth and
reducing the rate of malignant transformation. E6 and E7 but not
E1 and E2 are selectively retained and expressed in malignantly
transformed cells (15, 24). Therefore, CTLs specific for E6 and
E7 antigen may be the only effector cells with the capacity to
eradicate malignantly transformed cells, thus directly pre-
venting carcinoma development. In murine models, immu-
nization of mice with HPV16 E6 and E7 proteins impeded
the growth of syngeneic tumor cells expressing E6 or E7
proteins (6, 18). Vaccination with the combination of E1,
E2, E6, and E7 genes thus increases the efficacy in the
prevention of carcinoma development.

T-cell-mediated immunity plays a critical role in immune sur-
veillance of HPV infection and the development of papillomavi-
rus-associated carcinoma (28). Gene gun-mediated intracutane-
ous genetic immunization directly transfects dermal dendrocytes,
potent antigen-presenting cells, which subsequently migrate into
local lymph nodes and prime immune responses (8, 21). It has
been demonstrated that a predominant role for directly trans-
fected dendritic cells in antigen presentation is to prime CD81

cells after gene gun immunization (21). Gene gun immunization
thus represents an effective strategy for papillomavirus vaccines.
Another important advantage for gene gun-based immunization
is that it can be used repeatedly to boost immune responses
without provoking an immune attack against the vectors them-
selves. This contrasts with viral vector-based booster vaccinations
which can induce antibody-mediated neutralization of viral vec-
tor. One caveat of gene gun-based delivery of E6 and E7 onco-
genes into live cells is the potential to induce malignant transfor-
mation of transfected cells in vivo. Genetic engineering of these
oncogenes to abolish their transforming activity while preserving
their antigenicity may provide a solution for these safety issues.

TABLE 1. MHC class II DRa and DQa RFLP genotypes and
carcinoma development in vaccinated and control rabbits

Rabbita
RFLP genotypeb

Carcinoma
development (mo)c

DRa DQa

Vaccinated
1 DD BCD 2
2 AD CDE 2
3 BD CD 2
4d AD BDE 2
5 AB BD 2
6e BD BD 2
7 DD BD 1 (15)
8 BD BD 1 (12)

Control
9 DD BCD 1 (13)
10 AD CDE 1 (12)
11 AA DE 1 (13)
12 AA DE 1 (9)
13 DD BCD 1 (8)
14 DD BCD 1 (12)
15 BB DE 1 (10)
16 BD CDE 1 (13)

a Rabbits were vaccinated with E1, E2, E6, and E7 genes; control rabbits
received vector only.

b DRa and DQa RFLP alleles were named as defined previously (14). DRa
alleles were EcoRI fragments of 6.0 (A), 5.6 (B), and 4.8 (D) kb. DQa alleles
were PvuII fragments of 6.3 (B), 5.9 (C), 4.8 (D), and 3.0 (E) kb.

c Carcinoma development (number of months following virus infection).
d Died 12 months after viral infection without carcinoma development.
e Died 13 months after viral infection without carcinoma development.

TABLE 2. PBMC proliferation in response to E1, E2, E6, and E7 stimulation in vitro in vaccinated and control rabbits

Rabbita
PBMC proliferation (103 cpm; mean 6 SEM)b SIc

E1 E2 E6 E7 No antigen E1 E2 E6 E7

Vaccinated
1 4.442 6 0.382 1.083 6 0.162 0.382 6 0.025 0.699 6 0.046 0.346 6 0.039 12.8 3.0 1.1 2.0
2 0.613 6 0.064 0.584 6 0.068 0.489 6 0.106 0.778 6 0.100 0.328 6 0.058 1.9 1.8 1.5 2.4
3 3.223 6 0.437 2.179 6 0.232 0.681 6 0.081 1.809 6 0.236 0.457 6 0.050 7.1 4.8 1.5 4.0
4d NDe ND ND ND ND ND ND ND ND
5 16.50 6 2.923 4.124 6 1.658 0.327 6 0.061 0.523 6 0.164 0.200 6 0.067 82.5 20.6 1.6 2.6
6 0.814 6 0.049 0.635 6 0.045 0.530 6 0.068 1.540 6 0.367 0.421 6 0.016 1.9 1.5 1.3 3.7
7 0.368 6 0.016 0.430 6 0.054 0.146 6 0.016 0.253 6 0.031 0.142 6 0.007 2.6 3.0 1.0 1.8
8 0.696 6 0.120 0.264 6 0.013 0.222 6 0.016 0.312 6 0.060 0.204 6 0.020 3.4 1.3 1.1 1.5

Control
9 1.554 6 0.222 0.675 6 0.142 0.322 6 0.015 0.417 6 0.014 0.246 6 0.019 6.3 2.7 1.3 1.7
10 0.628 6 0.161 0.382 6 0.094 0.265 6 0.080 0.393 6 0.019 0.199 6 0.008 3.1 1.9 1.3 2.0
11 0.324 6 0.065 0.265 6 0.022 0.324 6 0.072 0.836 6 0.219 0.310 6 0.054 1.0 0.9 1.0 2.6
12d ND ND ND ND ND ND ND ND ND
13 1.616 6 0.301 0.657 6 0.047 0.406 6 0.010 0.504 6 0.080 0.428 6 0.027 3.8 1.5 0.9 1.2
14 0.624 6 0.068 0.665 6 0.052 0.359 6 0.068 0.408 6 0.036 0.312 6 0.023 2.0 2.1 1.6 1.3
15 0.478 6 0.065 0.730 6 0.094 0.381 6 0.068 0.255 6 0.039 0.252 6 0.051 1.9 2.9 1.5 1.0
16 0.261 6 0.022 0.309 6 0.043 0.208 6 0.012 0.228 6 0.017 0.165 6 0.016 1.6 1.9 1.3 1.4

a Rabbits were vaccinated with E1, E2, E6, and E7 genes; control rabbits received vector alone.
b Values for three wells. All values were determined from assays done on day 4.
c Ratio of counts per minute in response to specific antigen to counts per minute in response to no antigen. A SI greater than 2 was considered positive and is shown

in bold type.
d Insufficient PBMC for assays.
e ND, not done.
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There was a poor correlation between in vitro PBMC pro-
liferative responses to antigen stimulation and protective im-
munity against viral infection in vivo in this and our previous
studies (12, 13). In vitro PBMC proliferative responses to sol-
uble antigens induce both CD41 and CD81 T-cell prolifera-
tion. However, these proliferative responses mainly reflect
CD41 T-cell-mediated immunity. Theoretically, CD41 T lym-
phocytes are not the main effector cells for the eradication of
virus-infected cells. Unfortunately, evaluation of CTL-medi-
ated immunity is not possible in this group of outbred rabbits
due to the lack of appropriate reagents, including target cells,
and rabbit cytokine assays. In a number of clinical trials, im-
munization of cancer patients with synthetic and natural pep-
tides also showed a poor correlation between specific T-cell-
mediated immune responses evaluated in vitro and clinical
responses in vivo (2). This poor correlation may be due to the
magnitude of the in vitro immune responses in immune assays
not correlating with the avidity of CTLs to their targets (9).
Several studies (reviewed in reference 9) have shown that
whereas low-avidity CTLs can be readily detected by standard
immunological assays, only high-avidity CTLs exert biological
function in vivo in viral or tumor models.

The development of cancer vaccines is a major goal for the
therapeutic treatment of cancers. Immunotherapeutic ap-
proaches, however, have proven difficult to develop because of
the lack of well-defined tumor-specific antigens and effective
immunization protocols that elicit long-lasting cell-mediated
immunity. Papillomavirus-associated cancer selectively express
papillomavirus early gene products which may serve as tumor-
specific antigens. Gene gun-mediated immunization can in-
duce potent cell-mediated immunity responses (8, 21). These
observations together with our studies with the CRPV-rabbit
model suggest that gene gun immunization with papillomavirus
early genes may be a promising strategy for prevention of
HPV-associated carcinoma.
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