JOURNAL OF VIROLOGY, Sept. 2000, p. 8700-8708
0022-538X/00/$04.00+0

Vol. 74, No. 18

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Granulocyte-Macrophage Colony-Stimulating Factor Priming plus

Papillomavirus E6 DNA Vaccination: Effects on Papilloma
Formation and Regression in the Cottontail Rabbit
Papillomavirus-Rabbit Model

SANCY A. LEACHMAN,' ROBERT E. TIGELAAR,"*** MARK SHLYANKEVICH,> MARTIN D. SLADE,®
MICHELE IRWIN,” ED CHANG,® T. C. WU,®* WEI XIAO,” SUNDARAM PAZHANI,>
DANIEL ZELTERMAN,*® aND JANET L. BRANDSMA?*>-6%

Department of Dermatology," Section of Immunobiology,” Yale Cancer Center,® Yale Skin Diseases Research Center,*
Section of Comparative Medicine,® and Department of Epidemiology and Public Health,® School of Medicine, and
Department of Biology,” Yale University, New Haven, Connecticut 06520, and Department of Pathology,
Johns Hopkins University School of Medicine, Baltimore, Maryland 21287°

Received 3 March 2000/Accepted 22 May 2000

A cottontail rabbit papillomavirus (CRPV) E6 DNA vaccine that induces significant protection against
CRPYV challenge was used in a superior vaccination regimen in which the cutaneous sites of vaccination were
primed with an expression vector encoding granulocyte-macrophage colony-stimulating factor (GM-CSF), a
cytokine that induces differentiation and local recruitment of professional antigen-presenting cells. This
treatment induced a massive influx of major histocompatibility complex class II-positive cells. In a vaccination-
challenge experiment, rabbit groups were treated by E6 DNA vaccination, GM-CSF DNA inoculation, or a
combination of both treatments. After two immunizations, rabbits were challenged with CRPV at low, mod-
erate, and high stringencies and monitored for papilloma formation. As expected, all clinical outcomes were
monotonically related to the stringency of the viral challenge. The results demonstrate that GM-CSF priming
greatly augmented the effects of CRPV E6 vaccination. First, challenge sites in control rabbits (at the moderate
challenge stringency) had a 0% probability of remaining disease free, versus a 50% probability in E6-vaccinated
rabbits, and whereas GM-CSF alone had no effect, the interaction between GM-CSF priming and E6 vacci-
nation increased disease-free survival to 67%. Second, the incubation period before papilloma onset was
lengthened by E6 DNA vaccination alone or to some extent by GM-CSF DNA inoculation alone, and the
combination of treatments induced additive effects. Third, the rate of papilloma growth was reduced by E6
vaccination and, to a lesser extent, by GM-CSF treatment. In addition, the interaction between the E6 and
GM-CSF treatments was synergistic and yielded more than a 99% reduction in papilloma volume. Finally,
regression occurred among the papillomas that formed in rabbits treated with the E6 vaccine and/or with
GM-CSF, with the highest regression frequency occurring in rabbits that received the combination treatment.

Human papillomaviruses (HPVs) cause common and plan-
tar warts in 10% of the population at large (20). A subset of
HPVs also cause cervical cancer and appear to be etiologically
involved in over 50% of other anogenital cancers, as well as
some cancers of the skin and oronnasal cavity (73). Premalig-
nant HPV-associated lesions are extremely difficult to treat,
and no current medical or surgical therapy cures all lesions in
all patients. The development of an effective vaccine against
HPV to prevent and treat papillomavirus-induced disease
would be a significant contribution to human health.

The use of plasmid DNAs as subunit vaccines is a simple yet
powerful new approach to vaccine science (39). DNA vaccines
have potential for use as HPV vaccines because they generally
induce strong, specific, and persistent cell-mediated immunity
and humoral immunity conferring prophylactic and therapeu-
tic effects (12, 17, 44, 49, 52). In addition, DNA vaccines can be
combined to generate multivalent vaccines against several gene
products and/or viral types. More than 15 types of HPV are
associated with cervical cancer, so a prophylactic HPV vaccine
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will need to be multivalent. On the other hand, an individual
usually is infected with a single HPV type, so a therapeutic
vaccine will probably be most effective if it targets the same
viral type. Given the large number of HPV types, a corre-
sponding large number of therapeutic vaccines may be re-
quired.

Cottontail rabbit papillomavirus (CRPV) infection of do-
mestic rabbits is a powerful model for examining potential
vaccine candidates (3). The papillomas induced by CRPV are
similar to the papillomas induced by HPVs. The genomes of
CRPV and HPV are conserved, and their genes encode pro-
teins with homologous functions (4, 13, 23, 24, 46). Immuno-
suppression inhibits spontaneous regression in rabbits, as in
humans, suggesting that the control of CRPV and HPV infec-
tions involves similar immunologic defense mechanisms (45,
55). Host genetics appear to influence the outcome of a CRPV
infection (6, 25, 26, 29), as they do an HPV infection (2, 32;
P. K. Magnusson, P. Sparen, and U. B. Gyllensten, Letter,
Nature 400:29-30, 1999). The domestic rabbit-CRPV model is
easy to manipulate, allows repeated clinical monitoring of dis-
ease development, including malignant progression, and pro-
duces highly quantifiable data for multiple outcome measure-
ments. Sundaram et al. (60) and Donnelly et al. (16) used the
CRPV-rabbit model to demonstrate that DNA vaccination



VoL. 74, 2000

with a DNA vaccine encoding the CRPV L1 major capsid
protein induced virtually complete protection against CRPV
challenge. Protection was accompanied by high-titer, L1-spe-
cific neutralizing antibodies.

Papillomavirus proteins such as E6 and E7, in contrast, are
likely to be superior targets for a therapeutic vaccine because
they are expressed in all papillomavirus-associated lesions, in-
cluding genital condylomas (33, 57), intraepithelial neoplasias
(31), and carcinomas (40, 57) in humans and papillomas and
carcinomas in rabbits (67). In benign lesions, the E6 and E7
genes are generally transcribed at low levels in the basal cell
layer and at high levels in the differentiated epithelium (31,
72). An inverse pattern in domestic rabbit papillomas has been
reported (72). How the epithelial distribution of E6 and E7
transcripts affects the ability of an immune response to recog-
nize or respond to an infection is unknown. The E6 and E7
genes are each essential to initiate papilloma formation during
primary infection (5, 46, 70). Therefore, an effective vaccine
against E6 or E7 could have both prophylactic and therapeutic
applications.

The possibility of E6 vaccination in the CRPV-rabbit model
has been investigated. Over 10 years ago, Lathe et al. reported
that a vaccinia virus-based CRPV EG6 vaccine, delivered before
CRPYV challenge, did not prevent the formation or subsequent
growth of papillomas (38). Research from our laboratory has
shown that an E6 DNA vaccine delivered by a gene gun into
the skin provided significant, although partial, protection (61).
Similar findings were reported by Han et al., who also showed
that an intramuscular route of CRPV E6 DNA vaccination was
not effective (27, 28). These studies demonstrate that an E6
DNA vaccine can induce prophylactic immunity but that its
efficacy must be improved to be useful.

Immune responses generated by DNA vaccination are initi-
ated by professional antigen-presenting cells (APCs) (9, 15, 21,
36, 39). APC presentation of antigen in the context of major
histocompatibility complex (MHC) class I and MHC class II
molecules leads to cell-mediated and humoral immunity. The
primary APCs in skin are Langerhans cells. Granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) is a cytokine that
induces maturation, activation, and local recruitment of Lang-
erhans cells and other APCs both in vivo and in vitro (8, 30, 34,
51, 53, 54, 58, 59, 62, 65, 68) and is one of many cytokines that
show promise as genetic adjuvants for DNA vaccination (for
reviews, see references 41 and 50). GM-CSF has been applied
in a variety of clinical and research settings. Recombinant
human GM-CSF is used as a bone marrow stimulant in immu-
nosuppressed patients, particularly after chemotherapy (19).
Expression vectors encoding GM-CSF have been used in sev-
eral ways to augment immune responses; e.g., they have been
transfected into weakly antigenic tumors to increase their an-
tigenicity prior to use of the cells as tumor vaccines (1, 14, 18,
33, 42). Effective experimental vaccines have used GM-CSF as
part of an antigen fusion product (64), as a separate DNA
molecule for coinoculation with a vaccine (22, 35, 48, 56, 58,
62, 63, 71), and as a priming agent for vaccination (10). When
inoculated directly into skin, a vector encoding GM-CSF leads
to localized GM-CSF protein expression and subsequent in-
flammatory responses (37). Conry et al. demonstrated that
GM-CSF had immune enhancing effects, especially for gener-
ating cell-mediated immunity, when used as a priming agent
with a DNA vaccine against carcinoembryonic antigen (10).
Maximal efficacy occurred with a 3-day interval between prim-
ing and vaccination. Other investigators found that inoculation
of GM-CSF DNA prior to vaccination with DNA encoding
rabies virus glycoprotein enhanced both B- and T-helper-cell
activities (71).
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We tested the hypothesis that intracutaneous delivery of a
GM-CSF expression vector to rabbits would induce a local pop-
ulation of differentiated APCs and that this procedure could be
used to prime sites of E6 DNA vaccination and enhance the
induction of prophylactic immunity to CRPV challenge. The
data presented here confirm our hypothesis and additionally
show that these treatments also increased the frequency of
subsequent regression.

MATERIALS AND METHODS

DNA expression vectors. Four plasmids were used in this study: pd CMV-E6,
which encodes the full-length CRPV E6 protein (61); pCMV-B, which encodes
B-galactosidase (Clontech, Palo Alto, Calif.); pPJV3226, which encodes mouse
GM-CSF (a gift from PowderJect Vaccines, Madison, Wis.); and empty vector
pcDNA3.0 (Invitrogen, Carlsbad, Calif.).

Preparation and in vivo delivery of DNAs. DNA-coated gold beads were
prepared for in vivo inoculation as described previously (59, 60), except that the
gold beads in this study were 1.9 um in diameter. DNAs were delivered intra-
cutaneously at a concentration of 1 pg of DNA per site by use of a helium-driven
gene gun (PowderJect XR-1 device; PowerJect Vaccines) at 350 Ib/in.%.

Rabbit skin biopsies. Two-millimeter punch biopsies of GM-CSF DNA-inoc-
ulated, vector pcDNA3.0-inoculated, and uninoculated rabbit skin were obtained
under local lidocaine anesthesia. In one experiment, rabbits were inoculated with
DNAs at separate sites 1, 2, 3, 5,7, 9, 11, 13, 15, and 17 days prior to euthanasia.
In another experiment, rabbits were inoculated on day 0 and biopsies were
collected on days 1, 2, 3, 5, 7, and 9. Tissues were frozen in cryopreservation
medium or fixed in formalin and embedded in paraffin.

Generation of riboprobes. Recombinant plasmid pcDNAImGMCSF (kindly
provided by Drew Pardoll, Johns Hopkins University) was linearized with
HindIII or Xbal and transcribed in vitro with Sp6 or T7 RNA polymerase in the
presence of digoxigenin-UTP (Boehringer) to generate sense or antisense ribo-
probes. In reactions with digoxigenin, 1% of the transcription products of 1 pg
of the plasmid DNA were compared by dot blot hybridization to known quan-
tities of a digoxigenin-labeled RNA provided by Boehringer. In each case, the
signal associated with the plasmid RNA was comparable to or exceeded that of
the 0.2 ng of control RNA supplied by Boehringer.

In situ hybridization. Formalin-fixed tissue sections were hybridized in situ as
described previously (69). An antisense mouse GM-CSF probe was prepared by
in vitro transcription and labeled with digoxigenin. Briefly, 5-pm tissue sections
were floated in a bath of distilled water onto acid-cleaned, 3-aminopropyltri-
ethoxysilane-coated slides and heated in a 65°C incubator. They were dewaxed in
xylene, rehydrated in serial graded ethanol washes (100, 95, and 70%), and
digested with proteinase K (20 wg/ml) for 30 min at 37°C. The sections were
treated with triethanolamine-acetic anhydride and dehydrated again in serial
graded ethanol washes (70, 95, and 100%). The digoxigenin-labeled riboprobes
were applied in formamide solution [50% formamide, 0.1 M piperazine-N,N'-
bis(2-ethanesulfonic acid) (PIPES) (pH 7.8), 0.01 M EDTA] in a volume, usually
20 pl, sufficient to cover the section. An acid-washed, siliconized coverslip was
placed over the section and sealed with rubber cement. The slides were hybrid-
ized for 6 h at 50°C. After hybridization, the slides were submerged in 4X SSC
(1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and the coverslips were
removed. The tissue sections were washed at room temperature with frequent
changes of 1X SSC for 30 min and 0.1X SSC for 15 min. The slides were
incubated in 10 pg of RNase A per ml in 2X SSC at 37°C for 15 min and then
dehydrated through a graded ethanol series. Air-dried slides hybridized with the
digoxigenin-labeled riboprobes were incubated in buffer 1 (100 mM Tris-HCI,
150 mM NaCl [pH 7.5]) for 1 min at room temperature, washed in buffer 1
containing 2% blocking agent (from the Boehringer digoxigenin detection kit)
for 1 h, incubated with antidigoxigenin antibody-conjugate (1:500 with buffer 1)
containing 1% normal sheep serum and 0.3% Triton X-100 for 1 h at room
temperature, washed twice in buffer 1 for 15 min each time, and equilibrated for
10 min with buffer 2 (100 mM Tris-HCI, 100 mM NaCl, 50 mM MgCl, [pH 9.5]).
Color solution was prepared with 45 pl of nitroblue tetrazolium salt solution and
35 pl of X-phosphate solution (both from the Boehringer digoxigenin detection
kit) and added to 10 ml of buffer 2. The reaction was stopped after 1 h, and the
slides were washed for 5 min with buffer 3 (10 mM Tris HCI [pH 8.0], 1 mM
EDTA). The slides were counterstained with nuclear red.

Immunohistochemical analysis. Immunohistochemical analysis was per-
formed on periodate-lysine-paraformaldehyde-fixed frozen sections with alkaline
phosphatase-conjugated mouse anti-rabbit MHC class II monoclonal antibody
clone 45-3 (Accurate Chemical and Scientific Corp., Waterbury, N.Y.) and His-
toMark Red (Kirkegaard and Perry Laboratories, Gaithersburg, Md.). Negative
control sections were treated in the same manner, except without primary anti-
body. Sections were counterstained with contrast blue.

DNA-based priming and vaccination. Two-kilogram Pasteurella-free New Zea-
land White rabbits (Oryctolagus cuniculus) were used. Each experimental and
control treatment consisted of a DNA priming agent and a DNA vaccine agent
(Table 1). Priming agents were delivered on days 1 and 22, and vaccine agents
were delivered on days 4 and 25. All DNAs were delivered intracutaneously with
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TABLE 1. Experimental design

DNA treatment”

Rabbit group

(no. of rabbits) Priming agent

Vaccine agent

GM-CSF Plasmid E6 Plasmid
Control (3) - pcDNA3 —  pCMV-B
E6 only (4) - pcDNA3 + pdCMV-E6
GM-CSF only (6) + pPJV3226 — pCMV-B or pcDNA3
GM-CSF + E6 (6) + pPIV3226 + pdCMV-E6

“ Vector pcDNA3 contains no insert; pPJV3226 encodes mouse GM-CSF;
pCMV-B encodes B-galactosidase; pdCMV-E6 encodes the full-length CRPV E6
protein (55).

a PowderJect XR-1 gene gun on days 1 and 4 (primary vaccination) and days 22
and 25 (booster vaccination). Ten sites per rabbit on the left back were inoculated
with 1 pg of DNA for each treatment (60). Prior to inoculation of a priming agent,
rabbits were anesthetized with ketamine (30 mg/kg of body weight) and xylazine (3
mg/kg), hair was clipped from the left back, and residual hair and superficial keratin
were treated with a depilatory (Nair, Division of Carter-Wallace, Inc., New York,
N.Y.). Prior to inoculation of a vaccine agent, the primed sites were prepared by
clipping only in order to minimize nonspecific depilatory-induced inflammation.
DNA vaccine agents were administered directly to the previously primed sites.

Challenge with CRPV. Two weeks after the booster immunization, all rabbits
were challenged by CRPV infection on the right side of the back (contralateral
to the vaccinated side). Clipped dorsal skin of anesthetized rabbits was infected
with a stock of live CRPV diluted in phosphate-buffered saline—glycerol (1:1). Each
of three sites per rabbit was challenged at a high, moderate, or low stringency (a total
of nine sites per rabbit) using, per site, 30 ul of a 1:50, 1:150, or 1:450 dilution,
respectively, as described previously (60, 61). In previous experiments, this
CRPYV stock induced papillomas at 100% of challenge sites in control rabbits
infected with dilutions ranging from 1:10 to 1:160 (60) or from 1:30 to 1:270 (61).

Monitoring papilloma formation. Rabbits were monitored for papilloma for-
mation beginning 18 days after CRPV challenge and continuing until 116 days
after challenge. At each inspection, the location and number of papillomas and
the dimensions of each one (length, width, and height) were measured with a
Digimatic caliper (Mitutoyo Corp., Aurora, Ill.). The volume of each papilloma
was calculated using the mathematical formula for a geode [(4/3)II(length/
2)(width/2)(height/2)]. The data from the 19 rabbits were analyzed for resistance
to papilloma formation, as measured by three outcomes. (i) Frequency of com-
plete protection, i.e., the percentage of challenge sites that remained papilloma
free at a given time period, was determined for each of the nine time periods. (ii)
Length of incubation period, i.e., the number of days between CRPV challenge
and the time period in which at least one clinically visible papilloma was noted,
was determined. When no growth was noted, an extremely conservative ap-
proach was used whereby it was assumed that a papilloma did, in fact, appear at
116 days. (iii) Rate of papilloma growth was determined by comparing the
average papilloma volumes from onset through 116 days.

The data also were analyzed for susceptibility to papilloma regression using
three additional outcomes: (i) frequency of regressing rabbits in a group, i.e., the
fraction in which one or more papillomas regressed; (ii) frequency of regressing
papillomas in a group, i.e., the fraction of papilloma-forming sites that subse-
quently regressed completely; and (iii) papilloma duration prior to regression,
i.e., the number of days between the time period in which a papilloma was first
visible and the time period in which all signs of papilloma (or other lesion) had
disappeared. None of the regressed papillomas in this study reformed.

Statistical analysis. Indicator variables were created for GM-CSF and E6.
Each CRPYV dilution was analyzed separately. The interaction of GM-CSF DNA
inoculation and E6 DNA vaccination was included in all models. The incubation
period was analyzed using proportional hazards regression. The volumes of the
papillomas were modeled as linear in time. The numbers of papillomas were
analyzed using logistic regression. Initially, we examined the nine sites within
each rabbit using generalized estimating equations with exchangeable covariance
matrices. Inference was almost identical when we treated the nine sites as
independent within the same animal. These independence analyses are reported
here. All of the statistical analyses performed for this study were done with
multivariate models. The significance level of each parameter is the effect of that
parameter in the presence of all other parameters, i.e., a type 3 analysis in SAS.
This type of analysis provides more accurate significance levels than marginal
models for parameters in the final developed models. In all cases, rabbit groups
treated with either E6 vaccination or GM-CSF inoculation were compared to the
control group. Additionally, the effects of E6 vaccination and GM-CSF inocu-
lation were compared in a purely additive model to determine if E6 vaccination
and GM-CSF inoculation acted additively (i.e., without interaction) as opposed
to synergistically.
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RESULTS

Effects of GM-CSF DNA inoculation. To evaluate the local
effects of GM-CSF DNA inoculation, in situ hybridization was
performed on sections of GM-CSF-treated skin harvested 1, 2,
3, and 5 days after treatment. Specific expression of GM-CSF
mRNA occurred throughout the dermis and epidermis as soon
as 1 day after GM-CSF DNA inoculation (Fig. 1A), with the
most abundant signals occurring on day 2 (Fig. 1B). GM-CSF
mRNA signals decreased on day 3 (data not shown) and were
nearly absent on day 5 (Fig. 1C). Clinically, all DNA-inocu-
lated sites developed redness, warmth, and induration (data
not shown). Clinical reactions were more extreme at GM-CSF-
inoculated sites than at vector-inoculated sites. The clinical
reactions peaked approximately 3 days after DNA inoculation.
Microscopically, inflammation was observed at all DNA-inoc-
ulated sites and almost never at uninoculated sites. Substantial
inflammatory responses were elicited following GM-CSF DNA
inoculation, beginning 24 h after inoculation. Lesser responses
were elicited by the empty vector. Immunohistochemical anal-
ysis demonstrated the presence of large numbers of MHC class
II-positive cells, including cells with the morphology of mac-
rophages, dermal dendritic cells, and Langerhans cells in GM-
CSF-treated skin (Fig. 1E and F). This effect was present 24 h
after inoculation, remained strong throughout the first week,
and gradually subsided in the second week. Rare MHC class
II-positive cells were still detectable 17 days after inoculation.
Distinctly less dramatic responses were elicited by the empty
vector. These results implied that priming of intracutaneous
vaccination sites with the GM-CSF vector prior to administra-
tion of an antigen-specific vaccine could enhance the immune
response to the vaccine.

Resistance to papilloma formation. Rabbits were primed
and vaccinated as shown in Table 1. Two weeks after the
booster treatment, each rabbit was challenged with CRPV at
low, moderate, and high stringencies as described in Materials
and Methods. As expected, all clinical outcomes were mono-
tonically related to the stringency of the viral challenge (see
Fig. 4 to 6). As the stringency of the challenge decreased, the
probability of disease-free survival increased, the time to pap-
illoma onset increased, and the rate of papilloma growth de-
creased.

Clinical outcomes in each of the four rabbit groups are
shown in Fig. 2. Skin sites that were challenged at low, mod-
erate, and high stringencies (with 1:450, 1:150, and 1:50 dilu-
tions of virus, respectively) are shown on the left, middle, and
right of each photograph, respectively. Clinical outcomes in the
four groups varied greatly according to treatment. Outcomes
among individual rabbits within a group, however, were rela-
tively consistent (Fig. 3). For example, large, rapidly growing
papillomas developed at 26 of the 27 challenge sites in the
three rabbits treated with control DNAs only (Fig. 3A). In
contrast, all six rabbits that were primed with GM-CSF and
vaccinated with the E6 gene had fewer and smaller papillomas,
whose numbers and sizes also reflected the stringency of the
CRPV challenge (Fig. 3B).

Papilloma formation was analyzed by treatment group with
respect to three outcomes: (i) the probability of challenge sites
remaining disease free; (ii) the length of the incubation period,
i.e., the time between CRPV challenge and the first clinical
signs of a papilloma; and (iii) the rate of papilloma growth.
Kaplan-Meier curves were generated to determine the proba-
bility of challenge sites remaining clinically free of disease
throughout the experiment (Fig. 4A to C). Among the sites
challenged at a moderate stringency, for example, the chance
of never forming a papilloma was 50% in rabbits vaccinated
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FIG. 1. GM-CSF DNA inoculation induces GM-CSF mRNA expression and
MHC class II protein expression. (A to C) The detection of GM-CSF mRNA
expression (black grains) by in situ hybridization is shown for rabbit skin 1 (A),
2 (B), and 5 (C) days after GM-CSF DNA inoculation. Normal control skin
showed no signal (data not shown). (D to F) The detection of cell surface
expression of rabbit MHC class II protein (pink stain) by immunohistochemical
analysis is shown for normal control skin (D) and rabbit skin 3 days following
GM-CSF DNA inoculation (E and F). The tissue sections in panels E and F were
photographed at magnifications of X8.4 and X84, respectively.
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FIG. 2. Clinical outcomes in a representative rabbit from each group 116
days after CRPV challenge. Skin sites that were challenged at low, moderate, and
high stringencies are shown on the left, middle, and right of each rabbit’s back,
respectively. Rabbit groups are control DNA only (A), GM-CSF DNA only (B),
E6 vaccine only (C), and GM-CSF DNA plus E6 vaccine (D).

with E6 alone versus 0% in control rabbits. GM-CSF alone had
no effect, but the combination of GM-CSF plus E6 by far
yielded the highest probability of disease-free survival, with
72.2% of sites never forming a papilloma.

Although neither the E6 vaccine nor the GM-CSF treatment
alone or in combination completely protected against papil-
loma formation, the papillomas that did form had longer in-
cubation periods and slower rates of growth. The effects of
treatment on the incubation period are depicted graphically in
Fig. 5, and the magnitude and significance level of these effects
are provided in Table 2. In the control group, the average
incubation period was 20.3 to 24.0 days, depending on the
challenge stringency. With E6 vaccination alone, the average
incubation period increased by 4.5, 25.2, and 32.8 days at the
high, moderate, and low challenge stringencies, respectively.
GM-CSF DNA inoculation alone increased the incubation pe-
riod only at the high challenge stringency, by 5.5 days. The
combination of E6 vaccination plus GM-CSF priming in-
creased the length of incubation by 10.0, 25.2, and 32.8 days at
the high, moderate, and low challenge stringencies, respec-
tively. These effects were additive.

E6 DNA vaccination, GM-CSF DNA inoculation, or a com-
bination of both treatments also had strong effects on papil-
loma growth, as shown in Fig. 6 and Table 3. These effects were
greater in rabbits treated by E6 DNA vaccination than by
GM-CSF DNA inoculation and, by far, the greatest effects
occurred in rabbits receiving the combined GM-CSF-E6 treat-
ment. One month after challenge under the least stringent
condition, for example, papillomas in the E6-vaccinated group
were only 1.3 mm?, whereas papillomas in the control group
had reached a volume of 89 mm®. GM-CSF treatment also
reduced the rate of papilloma growth, but the magnitude of its
effect, resulting in an average papilloma volume of 12 mm?,
was smaller than that of E6 treatment. The strongest effects
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FIG. 3. Clinical outcomes in all rabbits from two groups 116 days after CRPV
challenge. (A) All rabbits treated with control DNA only. (B) All rabbits primed
with GM-CSF DNA and immunized with the CRPV E6 DNA vaccine. For each
rabbit, the sites challenged at low, moderate, and high stringencies are shown on
the left, middle, and right of each rabbit’s back, respectively.

were observed in rabbits treated with the GM-CSF-E6 com-
bination; their papillomas, on average, were only 0.03 mm?
(>99.9% reduction from the control group). Results at subse-
quent times also showed more than a 99% reduction in volume
in this group, and similar results were obtained under the
moderate- and high-stringency conditions.
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Susceptibility to papilloma regression. During the course of
the experiment, a total of 16 sites, distributed across all CRPV
challenge sites in the experimental rabbits, formed papillomas
that subsequently underwent complete regression (Table 4).
No papilloma in the control rabbits regressed. A modified
Kaplan-Meier curve combining all challenge sites and taking
regression into account is depicted in Fig. 5D. Papilloma re-
gression occurred in 75, 33, and 83% of rabbits per group
following treatment with the E6 vaccine only, GM-CSF only,
and the GM-CSF-E6 combination, respectively. Within the
regressor rabbits of each group, the rates at which papillomas
completely regressed were 13, 6, and 71%, respectively. In the
same groups, the mean durations of papillomas that ultimately
regressed were 43.7, 27.3, and 18.9 days per group, respec-
tively. These data indicate that regression was primarily attrib-
utable to E6 vaccination and secondarily to GM-CSF treat-
ment and that by far the strongest effects occurred with GM-
CSF priming plus E6 vaccination.

DISCUSSION

High-risk HPV infection is a prerequisite for the develop-
ment of cervical cancer. Host immune status is a critical de-
terminant of the outcome of papillomavirus infections (45, 47;
Magnusson et al., Letter). Vaccination to induce immunity to
HPYV could prevent primary infection and/or treat established
disease (66). While an HPV Ll-based vaccine should prevent
primary HPV infection and help contain the spread of an
established infection, it is not likely to have major therapeutic
effects on the lesions themselves. This is because L1 expression
is generally restricted to terminally differentiated keratino-
cytes, which produce virus particles, and because L1 expression
decreases with premalignant changes, being virtually absent in
papillomavirus-associated cancers.

Previous studies with the CRPV-rabbit model of high-risk
HPV infection have demonstrated that CRPV E6 vaccination
can induce significant protection against subsequent CRPV
challenge when DNA vaccines are used (28, 61). This result
indicates that the previously reported lack of protection with a
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Days after CRPV Challenge

FIG. 4. Persistence of disease-free status following CRPV challenge. Rabbit groups shown in the Kaplan-Meier curves are control (open circles), GM-CSF DNA
only (open squares), E6 DNA vaccine only (filled circles), or GM-CSF DNA plus E6 DNA vaccine (filled squares). (A, B, and C) Probability of a papilloma never
forming after challenge at high, moderate, and low stringencies, respectively. (D) Modified Kaplan-Meier curve showing the probability of being disease free at each
time point and taking regression into account.
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Length of Incubation Period (days)

Control E6 GM-CSF  GM-CSF
only only +E6
DNA Treatment Group

FIG. 5. Incubation period following DNA treatment. Bars represent low
(pale gray)-, moderate (dark gray)-, and high (black)-stringency CRPV chal-
lenges, respectively. Data are the means and standard errors of the means.

vaccinia virus-based CRPV E6 vaccine must have been due to
factors other than the targeted protein. Contributing factors
might include the level of expression or intracellular processing
of E6 antigens and might be associated with the dose, schedule,
and/or route of vaccine administration. The genetic back-
grounds of the rabbits and/or the particular strain of CRPV
also might have been factors.

The current study was undertaken to determine whether the
prophylactic efficacy of our CRPV E6 DNA vaccine (61) could
be augmented by priming the sites of vaccination with a GM-
CSF expression vector. GM-CSF is a potent cytokine that
induces the maturation and migration of professional APCs to
a site of GM-CSF expression. We chose to test GM-CSF treat-
ment prior to E6 DNA vaccination as an augmentation strat-
egy because DNA vaccine-induced immune responses depend
on APCs and because GM-CSF treatments have been used
successfully in other vaccine studies (7, 42, 43, 48, 56).

APCs express MHC class II and costimulatory proteins on
their surfaces (11, 21, 39). First, we demonstrated that GM-
CSF mRNA expression and local recruitment of activated
MHC class II-positive dendritic cells were induced by DNA
inoculation of rabbit skin with a GM-CSF expression vector.
Activated cells were abundant by 3 days after inoculation and
persisted for at least 9 days, gradually decreasing in number.
Local loss of MHC class II-positive cells was preceded by a loss
of GM-CSF mRNA; other studies have shown that such local
decreases in dendritic APC numbers at the inoculation site are
paralleled by their increased migration into draining lymph
nodes (9).

Next, we performed a prophylactic vaccination experiment
that involved treating rabbits with control DNA only, GM-CSF
DNA only, the CRPV E6 DNA vaccine only, or a combination
of GM-CSF DNA plus the E6 DNA vaccine (Table 1). CRPV
challenge of each rabbit was performed at three stringencies
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TABLE 2. Magnitude and significance of DNA effects on
incubation period”

Effect of treatment at the following
CRPYV challenge stringency:

DNA
treatment High Moderate Low
Day” P Day” P Day” P
Control 20.3 NA 24.0 NA 24.0 NA
E6 only 24.8 0.0700 49.2 0.0503 56.8 0.0148
GM-CSF only 258 0.0334 24.0 NS 24.0 0.0490
GM-CSF + E6 303 No 46.7 No 76.3 No
interaction interaction interaction

“The data are based on maximum-likelihood estimates. NS, not significant at
a P value of <0.10. NA, not applicable. No interaction, an additive model fits the
data.

> Mean number of days after CRPV challenge preceding papilloma onset.

with serial dilutions of virus. As would be predicted for causal
relationships, the effects of the experimental treatments on
papilloma formation were directly proportional to the dose of
CRPV. E6 DNA vaccination prolonged the incubation period,
increased the probability of disease-free survival, and inhibited
papilloma growth. GM-CSF DNA inoculation had lesser ef-
fects on the incubation period and on the rate of growth and
had no effect on disease-free survival. This GM-CSF effect, in
the absence of E6 vaccination, was probably a consequence of
increased numbers and activity of APCs circulating systemi-
cally at the time of CRPV challenge, 17 days after the GM-
CSF booster. APCs could migrate to the (contralateral) sites of
CRPYV infection and rapidly respond to early viral antigens
expressed in infected cells. This interpretation is consistent
with the fact that the major effect of GM-CSF was on papil-
loma growth. While the effects of E6 vaccination alone were
clearly stronger than the more modest effects of GM-CSF
inoculation alone, these effects were dramatically enhanced by
priming the sites of E6 DNA vaccination with GM-CSF. The
combination treatment resulted in more than a 99% reduction
in papilloma volume relative to the results for the control
group. In conclusion, GM-CSF priming is an effective strategy
for augmenting the efficacy of CRPV E6 DNA vaccination in
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FIG. 6. Papilloma growth following CRPV challenge. Rabbit groups are con-
trol (open circles), GM-CSF DNA only (open squares), E6 DNA vaccine only
(filled circles), or GM-CSF DNA plus E6 DNA vaccine (filled squares). (A, B,
and C) Outcomes after CRPV challenge at high, moderate, and low stringencies,
respectively.
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TABLE 3. Magnitude and significance of DNA effects on papilloma growth”
Effect of treatment at the following CRPV challenge stringency:
Day” DNA treatment High Moderate Low
Vol P Vol P Vol P
35 Control 566 NA 104 NA 89 NA
E6 only 54 0.0002 0.4 0.004 1.3 0.0070
GM-CSF only 141 0.0006 25 0.0136 12 0.0096
GM-CSF + E6 1.5 0.0134 0.07 0.0575 0.03 0.0478
62 Control 3,919 NA 1,744 NA 1,323 NA
E6 only 372 0.0001 22 0.0001 25 0.0002
GM-CSF only 733 0.0001 256 0.0001 175 0.0002
GM-CSF + E6 42 0.0023 3.1 0.0001 2.5 0.0035
96 Control 5,784 NA 4,153 NA 2,689 NA
E6 only 1,701 0.0026 214 0.0001 306 0.0013
GM-CSF only 1,917 0.0022 806 0.0001 711 0.003
GM-CSF + E6 147 0.1248 11 0.0019 14 0.0422

“ Vol, mean papilloma volume per site in cubic millimeters. A significant P value for the GM-CSF-E6 category means that a synergistic model fits the data. NA, not

applicable.
> Number of days after CRPV challenge.

the CRPV-rabbit model. This and other complementary strat-
egies may ultimately be combined to produce the most effec-
tive HPV vaccines. One such strategy is to combine a CRPV
E6 DNA vaccine with additional DNA vaccines for the CRPV
El, E2, and E7 proteins (28).

In the battle between papillomaviruses and their hosts, im-
munity to the papillomavirus E6 protein (and other early viral
proteins) can act only at the level of infected cells. Immune
responses to early antigens cannot affect viral attachment or
penetration because the early proteins are not part of the
virion. They cannot affect virion uncoating or trafficking to the
cell nucleus because the early proteins can be synthesized only
after these processes are complete. On the other hand, foreign
proteins within a cell, including papillomavirus early proteins,
will be degraded into peptides which subsequently form com-
plexes with MHC proteins; these complexes, as subsequently
expressed on the cell surface, can be recognized by T lympho-
cytes, triggering a cell-mediated immune response. A vigorous
immune response to early viral antigens in a prophylactic set-
ting would attack newly infected cells to preclude the forma-
tion of a papilloma or delay its onset and slow its growth.
Indeed, E6 vaccination alone increased the probability of dis-
ease-free survival, prolonged the incubation period, and re-
duced the rate of papilloma growth. Moreover, the use of
GM-CSF priming together with E6 vaccination greatly en-
hanced these effects. Depending on the stringency of CRPV
challenge, the GM-CSF-E6 treatment increased disease-free
survival by up to 66.7%, prolonged the incubation period by up
to 54 days, and decreased the rate of papilloma growth by up
to 99.9%, compared to the results for the control group. In a
therapeutic setting, this kind of immunity might well suppress
or eliminate viral lesions and the infection itself.

In this study, papillomas regressed in 75% of the E6 DNA-
vaccinated rabbits (Table 4). A similar result was reported by
Lathe et al., who observed regression in 80% of rabbits vacci-
nated with a vaccinia virus-based CRPV EG6 vaccine (38). How-
ever, regression in that study also occurred in 30% of rabbits
treated with the vaccinia virus vector alone, suggesting that
part of the effect was nonspecific. In the current study, regres-
sion occurred only in rabbits with prophylactic immunity to
papilloma formation, induced as a result of E6 vaccination
and/or GM-CSF inoculation. The more important factor for

inducing regression was the E6 vaccine, and the strongest ef-
fects occurred in the GM-CSF-EG6 treatment group.

Regression was a delayed effect that probably required an
augmentation of immune responses to E6 antigens, the induc-
tion of new immune responses to other viral antigens, or both.
Some papillomavirus-infected cells in the less strongly pro-
tected rabbits were probably continually being killed by immu-
nologic mechanisms. This activity would provide a cytokine-
rich environment and a source of viral antigens to support the
further development of CRPV-specific immunity, which ulti-
mately would be able to cause papilloma regression. It is in-
teresting to note that the papillomas destined to regress per-
sisted initially for 2 to 6 weeks, an appropriate time frame for
new immune responses to develop. This associated regression
shows that the E6 vaccine induced therapeutic as well as pro-
phylactic effects, suggesting that the vaccine might also be
efficacious against preexisting lesions.

In summary, vaccination against the CRPV E6 protein pre-
vented or suppressed papilloma formation in rabbits subse-
quently challenged with CRPV. Moreover, these effects were
dramatically enhanced when GM-CSF priming was combined
with E6 vaccination. Future in vitro studies will seek to identify
immune responses to specific CRPV antigens that develop
following CRPV E6 vaccination and following CRPV chal-
lenge. Given our current understanding of the immune system

TABLE 4. Papilloma regression

Regression
Rabbit group By rabbits By papillomas I;?lf: :tlﬁ)n;él
No.? % No.* % Mean + SEM
Control 0/3 0/26 NA
E6 only 3/4 75 3/21 13 273 £20.3
GM-CSF only 2/6 33 3/48 6.3 43.7 = 19.5
GM-CSF + E6 5/6 83 10/14 71 189 =13

“ Mean number of days between papilloma onset and complete regression.
NA, not applicable.

® Number of rabbits with regression/number of rabbits per group.

¢ Number of papillomas that regressed/number of papillomas that formed.
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and of the role that the E6 protein plays in papillomavirus
infections, the primary mechanism by which the E6 vaccine
induced its effects was most likely cytotoxicity to papillomavi-
rus-infected cells. This type of immunity is thought to be re-
quired for immunotherapy of papillomavirus infections and
suggests that an E6 vaccine has the potential for therapeutic
applications.
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