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Abstract

Background Cervical cancer remains a leading cause
of cancer-related mortality in women, particularly in
developing countries. The causal association between
genital human papilloma virus (HPV) infection and
cervical cancer has been firmly established, and the
oncogenic potential of certain HPV types has been
clearly demonstrated. Vaccines targeting the oncogenic
proteins, E6 and E7 of HPV-16 and -18 are the focus of
current vaccine development. Previous studies have
shown that calreticulin (CRT) enhances the MHC class
I presentation of linked peptide/protein and may serve
as an effective vaccination strategy for antigen-specific
cancer treatment.

Methods Two replication-deficient adenoviruses, one
expressing HPV-16 E7 (Ad-E7) and the other express-
ing CRT linked to E7 (Ad-CRT/E7), were assessed for
their ability to induce cellular immune response and
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tested for prophylactic and therapeutic effects in an
E7-expressing mouse tumor model.

Results  Vaccination with Ad-CRT/E7 led to a dra-
matic increase in E7-specific T cell proliferation, inter-
feron (IFN)-y-secretion, and cytotoxic activity.
Immunization of mice with Ad-CRT/E7 was effective
in preventing E7-expressing tumor growth, as well as
eradicating established tumors with long-term immu-
nological memory.

Conclusion Vaccination with an adenoviral vector
expressing CRT-E7 fusion protein represents an effec-
tive strategy for immunotherapy of cervical cancer in
rodents, with possible therapeutic potential in clinical
settings.
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Introduction

Extensive epidemiologic data have strongly associated
human papilloma virus (HPV) with a spectrum of ano-
genital neoplasms, including condylomata (genital
warts), cervical dysplasia, and cervical carcinoma [1].
HPV DNA is detected in more than 99% of all tumors
of the uterine cervix. Mucosotropic HPVs are grouped
into low-risk or high-risk categories on the basis of
each genotype’s association with a benign or malignant
disease process [2, 3]. Low-risk HPV-6 and -11 are
commonly detected in condyloma accuminata, but are
virtually never found in cervical carcinoma. In contrast,
high-risk types 16 and 18 are detected in nearly 70% of
squamous cell carcinomas of the cervix [4]. The E6 and
E7 genes of high-risk HPV types encode for oncopro-
teins that can immortalize human keratinocytes [5].
This potential appears to be limited to high-risk HPV
types, because E6 and E7 from HPV-6 or -11 are non-
transforming [5, 6].

E6 and E7 alter cell growth regulation by inactivat-
ing the products of tumor suppressor genes p53 and RB
(retinoblastoma), respectively [7, 8]. HPV-E6 directs
the ubiquitin degradation of p53, and the high-risk
HPV-E7 directly binds and interferes with regulatory
proteins of the RB family [9]. Similar to the adenoviral
oncoprotein E1A, HPV-16 E7 binding with the RB
gene product (pRB) results in release of E2F from the
pRB/E2F complex. Thus, HPV-16 E7 protein has the
ability to replace the E1A protein in transactivation of
the adenovirus E2 promoter and other cellular genes
[10]. E2F is central to the regulation of proto-oncoge-
nes (e.g., c-myc), genes encoding proteins involved in
regulating cell cycle progression (e.g., cyclin E) and
DNA synthesis (e.g., DHFR, thymidine kinase, DNA
polymerase o) [10]. However, previous studies have
shown that E2F overexpression induces apoptosis in
several cancer cell lines [11, 12]. Dysregulation of the
centrosome duplication cycle has been implicated in
tumorogenesis. E7 oncoprotein rapidly induces aber-
rant centrosome and centriole duplication in normal
human cells [13].

The continued expression of these E6 and E7 pro-
teins appears to be necessary for maintaining the
malignant phenotype of cells transformed by E6 and
E7. In addition, E7 is selectively retained and
expressed in cervical tumors [1]. E7 is a viral protein
with no appreciable homology to human cellular pro-
teins. As such, the risk of inducing an autoimmune
response by targeting E7 is theoretically eliminated.
Therefore, E7 is an attractive target not only for devel-
opment of cancer vaccine to prevent cervical tumors,
but also a good model for exploration of immunothera-
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peutic approaches to stimulate immune responses
against existing tumors [14, 15]. Recently, new
approaches have been developed to prevent and treat
cervical cancer, including the development of chimeric
antigens to enhance immune responses against E7 [16-
18]. For example, Zhang et al. developed an adenoviral
vector expressing a fusion protein consisting of E7/
CD40-ligand [19].

Calreticulin (CRT), an abundant 46 kDa Ca**-bind-
ing protein located in the endoplasmic reticulum (ER),
is considered to be related to the family of heat shock
proteins (HSPs) [20]. The protein has been shown to
associate with peptides delivered into the ER by trans-
porters associated with antigen processing (TAP-1 and
TAP-2) and with MHC class I-2 microglobulin mole-
cules to aid in antigen presentation [21-24]. Previous
studies have shown that CRT can be complexed with
peptides in vitro to elicit peptide-specific CD8+ T cell
responses through exogenous administration [22]. In
addition, peptide-bound CRT purified from tumor
extracts has been shown to elicit an antitumor effect
specific to the source tumor [25]. The DNA vaccine
encoding CRT fused to full-length E7 (CRT/E7) is one
of the most potent in generating E7-specific immune
responses and antitumor effects [26]. Recent studies
have shown that simultaneous vaccination of C57BL/6
mice or HLA-A2 transgenic mice with both CRT/E6
and CRT/E7 plasmids generates significant E6- and
E7-specific T-cell immune responses in vaccinated
mice [27].

To further improve antigen presentation through
CRT fusion and the higher efficiency of antigen deliv-
ery, we sought to use an adenoviral vector expressing
the CRT/E7 fusion against E7-expressing tumors. In
the present study, we have constructed a replication-
deficient adenovirus vector expressing the CRT/E7
fusion gene (Ad-CRT/E7) and explored its ability to
induce antigen-specific immunotherapy. We showed
that vaccination with Ad-CRT/E7 induces stronger E7-
specific immune responses (ie., T cell proliferation,
IFN-vy production, and cytotoxicity) compared to vacci-
nation with an adenovirus vector expressing only E7
protein. The Ad-CRT/E7 vector provided 100%
protection of vaccinated mice against growth of E7-
expressing TC-1 tumors and generated long-term
memory against these tumors. Most importantly, vacci-
nation of tumor-bearing mice with Ad-CRT/E7 resulted
in complete tumor regression in all tumor-bearing
animals. The results suggest an adenovirus vaccine
expressing CRT/E7 fusion is an effective vaccination
approach against E7-expressing tumors and could
potentially be clinically effective for the treatment of
cervical cancer.
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Materials and methods
Mice and cell lines

Female C57BL/6 mice aged 6-8 weeks were purchased
from Jackson Laboratory (Bar Harbor, ME) and
housed in the University of Louisville animal facility.
Animal experiments were performed in accordance
with institutional guidelines and were approved by the
University of Louisville Institutional Animal Care and
Use Committee. Jaws II, an immortalized C57BL/6
murine bone marrow derived dendritic cell line, was
grown in MEM-o medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 100 U/ml
penicillin/streptomycin, and 2 ng/ml GM-CSF (R&D
Systems, Minneapolis, MN). A549 and HEK293 cells
were maintained in a-MEM supplemented with 10%
heat-inactivated FBS. TC-1 cells derived from primary
epithelial cells of C57BL/6 mice co-transformed with
HPV-16 E6 and E7, and c-Ha-ras oncogenes were main-
tained in RPMI 1640 supplemented with 10% heat-inac-
tivated FBS. All of the cell lines were purchased from
American Type Culture Collection (Manassas, VA).

Generation of recombinant adenovirus vectors

Three replication-deficient recombinant adenoviral vec-
tors were used. Adenovirus expressing LacZ (Ad-LacZ)
was provided by Dr B. French (University of Virginia,
Charlottesville, VA) and used as a control vector that
expresses nuclear-localized B-galactosidase under cyto-
megalovirus (CMV) promoter. Adenovirus expressing
HPV-16 E7 (Ad-E7) was provided by H.C.J. Ertl (The
Wistar Institute, Philadelphia, PA) [28]. For the genera-
tion of Ad-CRT/E7, CRT/E7 gene was excised from
pcDNA3-CRT/E7 vector provided by Dr T.C. Wu
(Johns Hopkins, Medical Institutions, Baltimore, MD)
using Xbal and HindlIll and subcloned into pZero 3.3
vector (Invitrogen, Carlsbad, CA). CRT/E7 was excised
from pZero 3.3 using Spel and HindIll and subcloned
into pShuttle-cmv, which resulted in pS-cmvCRT/E7.
Homologous recombination was carried out between
pS-cmvCRT/E7 and pAdEasy-1, according to He et al.
[29]. All vectors were propagated in HEK-293 cell line,
purified by CsCl gradient, and titers were determined by
standard plaque assays [29].

Detection of transgene expression

To determine the expression E7 and CRT/E7 proteins,
AS549 cells were infected at a multiplicity of infection
(MOI) of 100 with Ad-E7, Ad-CRTE7, or Ad-LacZ.
Forty-eight hours later, cells were lysed and subjected

to SDS-PAGE (15% acrylamide for E7 and LacZ, and
8% acrylamide for CRT/E7 and LacZ) and Western
blotting with mouse anti-HPV-16 E7 mAb (Santa Cruz
Biotechnology, Santa Cruz, CA). Anti-mouse IgG
tagged with horseradish peroxidase (Amersham) was
used as secondary antibody. Detection was done using
ECL Western blotting detection system (Amersham
Arlington Heights, IL).

Confocal fluorescence microscopy

Jaws II cells infected at a MOI of 100 with Ad-LacZ,
Ad-E7, or Ad-CRT/E7 were cultured for 48 h and then
cytospun onto glass slides. Cells were fixed with 4%
paraformaldehyde in phosphate buffered saline (PBS)
for 30 min at room temperature, permeabilized for
30 min with PBS containing 0.05% saponin and 1%
BSA, and then incubated with rabbit anti-calnexin
MADb (Stressgen Biotechnologies, Victoria, British
Columbia, Canada) or mouse anti-E7 (Santa Cruz Bio-
technology, Santa Cruz, CA) at a concentration of
1 pg/ml for 1h at room temperature. After several
washes with PBS, cells were incubated with Cy3-conju-
gated F(ab’)2 fragment of goat anti-rabbit IgG or
FITC-conjugated F(ab’)2 fragment goat anti-mouse
IgM (Jackson ImmunoResearch Laboratories, West
Grove, PA) at a concentration of 10 pg/ml for 30 min.
The slides were washed with PBS containing 1% BSA.
The glass slides were mounted with anti-fading
medium, Mowiol 4-88 (Calbiochem Inc., La Jolla,
CA), and covered with cover slips. Samples were
examined on a confocal laser scanning microscope.

T cell proliferation assay

T cell proliferation assay was performed as described
previously [30]. In brief, naive mice were immunized
by intraperitoneal (i.p.) injection with Ad-CRT/E7,
Ad-E7, or Ad-LacZ (5 x 10% pfu/mouse). Splenocytes
from these animals were harvested after 7 days, and
cells (1 x 10° per well) were co-cultured with TC-1
cells (1 x 10* per well) treated previously with mitomy-
cin C (30 pg/ml for 3 h). Cells were pulsed with [3H]-
labeled thymidine (1 pCi/well) in the last 12 h of 3-day
culture and harvested on a Tomtec Harvester 96 (Tom-
tec Inc., Hamden, CT) for quantification of incorpo-
rated thymidine. Results were expressed as mean
counts per minute (cpm) of triplicate wells.

Detection of IFN-y

Splenocytes (6 x 10° per ml) from immunized animals as
mentioned above were co-cultured with mitomycin-C
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treated TC-1 cells (4 x 10° per well) in 24-well plates
for 3 days. Culture supernatants were collected and
levels of INF-y were determined using IFN-y ELISA
kit (Biosource, Int., Camarillo, CA), according to the
manufacturer’s protocol.

Cytotoxic lymphocyte assay

Splenocytes (2 x 107) from naive mice immunized as
mentioned above were co-cultured with 2 x 107 mitomy-
cin C-treated TC-1 cells in a total volume of 5ml of
medium in 6-well plates in the presence of 10 U/ml IL-2
(Roche, Nutley, NJ). After 5 days of stimulation, viable
splenocytes were recovered and used as effector cells
against a fixed number of target TC-1 cells (1 x 10%) at
ratios of 1:50, 1:25, 1:10, 1:1, and 1:0. After 4 h incubation,
supernatants were pooled and measured for the release
of lactate dehydrogenase (LDH) using a non-radioactive
cytotoxicity assay kit (Promega, Madison, WI), according
to the manufacturer’s instructions. Specific lysis was cal-
culated according to the formula: (%) cytotoxicity =
100 x (experimental-culture medium background)/
(maximum LDH release-culture medium background).

Tumor protection assay

Four groups of ten mice were vaccinated by i.p. injec-
tion with PBS or 5 x 10® pfu/mouse of Ad-LacZ, Ad-
E7, or Ad-CRT/E7. One week later, mice were subcu-
taneously (s.c) challenged with 1 x 10° TC-1 cells in
the right leg. Tumor growth was monitored by palpa-
tion twice a week and by using calipers. Tumor size was
expressed as the mean of two perpendicular diameters.
Values and bars represent the mean and SD of tumor
size, respectively. Animals bearing tumors were eutha-
nized at day 28. Surviving animals were re-challenged
with live tumor cells 60 days after first tumor challenge
to assess the immunological memory.

Therapeutic assay

The therapeutic potential of the adenovirus vaccination
was tested in two experimental settings. In the first
experiment, three groups of ten mice were inoculated
s.c. with 1 x 10° TC-1 cells in the right leg. Mice were
injected i.p. with Ad-LacZ, Ad-E7, or Ad-CRT/E7 at a
final concentration of 5 x 10% pfu in 100 ul of PBS three
times starting at day 5 with 7-day intervals. In the second
experiment, three groups of ten mice were inoculated
s.c. with 1 x 10° TC-1 cells in the right leg. When the
tumor was palpable (~2mm in diameter), mice were
injected intratumorally with Ad-LacZ, Ad-E7, or Ad-
CRT/E7 at a final concentration of 5 x 10° pfu in 100 pl
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of PBS followed by two more injections after 2 and
5 days. Surviving animals were re-challenged with live
tumor cells 75 days after first tumor challenge.

Statistical analysis

Statistical analysis was performed using the paired Stu-
dent’s ¢ test. Values of Ad-CRT/E7 injection group were
compared to the values of Ad-E7 or Ad-LacZ injection
groups. P values <0.05 were considered significant.

Results

CRT/E7 fusion protein was efficiently expressed via
adenoviral delivery

CRT plays a critical role in antigen processing and pre-
sentation by MHC class I molecules, and as such, has
been exploited by several recent studies for the develop-
ment of effective vaccines against tumors with defined
tumor-associated antigens [18, 26, 31]. Previous studies
have shown that CRT can enhance the presentation of
E7 by antigen presenting cells, resulting in strong
immune responses [18]. However, this effect is limited
by the efficiency of the delivery system; as shown previ-
ously, four vaccinations of CRT/E7 DNA had the same
antitumor effect as a single dose of Vac-CRT/E7 [31].
For higher efficiency that could provide complete treat-
ment of tumors, replication-deficient recombinant ade-
novirus vectors are good candidates due to advantages,
which include the ability to infect a broad range of cell
types, high efficacy in delivery of antigens, and induction
of both humoral and cellular responses [32].

A fusion gene consisting of CRT and HPV-16 E7
was subcloned under CMV promoter in replication-
deficient adenoviral vector with N-terminal encapsida-
tion signal (ES) and C-terminal poly A sequence as
shown in Fig. 1a. Expression of the fusion protein was
confirmed in A549 cells infected with Ad-CRT/E7
using Western blots. CRT/E7 was detected as a band of
~64 kDa protein, consistent with the expected sizes of
46 kDa CRT and 18 kDa E7 (Fig. 1b). Cells infected
with Ad-E7 scored positively for the 18 kDa E7 pro-
tein, whereas those infected with the adenoviral vector
containing the LacZ gene (Ad-LacZ) revealed no
detectable bands using antibody against E7.

CRT/E7 was localized in the endoplasmic reticulum
of dendritic cells

In as much as CRT plays a critical role in antigen pro-
cessing via class I pathway, we investigated whether
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Fig. 1 Construction and characterization of adenovirus vector
expressing CRT/E7. a The CRT/E7 fusion construct with cyto-
megalovirus (CMV) promoter, encapsidation signal (ES), poly A
sequence, and the left and right inverted terminal repeat sequenc-
es (LITR or RITR, respectively). b Western blots showing the
expression of E7 and Ad-CRT-E7 fusion proteins in A549 lung
cancer cells infected at a multiplicity of infection of 100. Ad-LacZ
construct served as negative control. E7 expression was detected
using a mouse anti-HPV-16 E7. E7 was detected as 18 kDa, and
CRT/E7 was detected as 64 kDa proteins

CRT could facilitate the transport of its fusion partner
E7 into the endoplasmic reticulum (ER) of dendritic
cells (DCs). Jaws II DC cell line was transduced with
Ad-CRT/E7, Ad-E7, or Ad-LacZ, and transduced cells
were analyzed for ER localization of E7 or CRT/E7
using confocal microscopy. For this purpose, images

Fig. 2 Confocal fluorescent
microscopy demonstrating the
expression and distribution of
E7 and CRT/E7 proteins in
DCs. Jaws II cells were infect-
ed at a multiplicity of infection
of 100 with Ad-LacZ (g-i),
Ad-E7 (d—f), or Ad-CRT/E7
(a—¢), and analyzed for the
detection of endogenous caln-
exin (red fluorescence; a, d, g),
and E7 and CRT/E7 (green
fluorescence; b, e, h) 48 h after
infection. Co-localization of
calnexin and CRT/E7 or E7
(c, f, i) was demonstrated by
the yellow color formed in the
combined images

Ad-CRT/E7

Ad/E7

Ad-LacZ

from immunofluorescent antibodies against E7 were
compared with the distribution of calnexin, which
serves as a marker for ER localization. As shown in
Fig. 2, the distribution pattern of CRT/E7 was similar
to that of calnexin in cells transduced with Ad-CRT/E7
(Fig. 2a—c¢), suggesting that the fusion protein was
transported into the ER. In contrast, E7 was localized
in both ER and nuclei of Jaws II cells transduced with
Ad-E7 (Fig. 2d-f). Expression of E7 was not observed
in Jaws II cells transduced with the control Ad-LacZ
(Fig. 2g-i). These data demonstrate that E7 in the
fusion protein was specifically targeted to the ER for
presentation in context of MHC class I molecules.

Immunization with Ad-CRT/E7 induces E7-specifc T
cell proliferation, IFN-y production, and cytotoxic
activity in vitro

T cell immunity is critical for an effective immune
response to tumors [30, 33, 34]. To test the ability of
Ad-CRT/E7 construct to generate anti-E7 T cell
responses in vivo, mice were injected with Ad-CRT/
E7, Ad-E7, and Ad-LacZ. Seven days later, spleno-
cytes from immunized mice were harvested and tested
against E7-expressing TC-1 tumor cells in proliferation
assays. As shown in Fig. 3a, both Ad-CRT/E7 and
Ad-E7 vaccinations resulted in E7-specific T cell pro-
liferative responses. However, there was a significant
enhancement of T cell proliferation responses over that
of Ad-E7 vaccine by immunization with Ad-CRT/E7.

Calnexin Combined Image

HPV-16 E7
!
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Fig. 3 Immunization with Ad-CRT/E7 induces E7-specific cellu-
lar immune responses. Three groups of mice (n = 5) were immu-
nized i.p. with Ad-LacZ, Ad-E7, or Ad-CRT/E7 (5 x 108 pfu/
mouse). One week after immunization, spleen cells were collected
and used for analyses. a T cell proliferation assay. Splenocytes
(1 x 103 per well) were stimulated in vitro with mitomycin C-treat-
ed TC-1 cells (1 x 10* per well) for 3 days, pulsed with [3H]-la-
beled thymidine, and proliferation was determined as counts per
minute (cpm). b IFN-y production. Splenocytes (6 x 10% per ml)
from immunized mice were stimulated with mitomycin-C treated
TC-1 cells (4 x 10° per well) for 3 days, and supernatants were
analyzed for IFN-y production using ELISA. ¢ Cytotoxic lympho-
cyte assay. Splenocytes (2 x 107 per ml) were stimulated in vitro
with mitomycin C-treated TC-1 cells (2 x 107 per ml) in the pres-
ence of IL-2 (10 U/ml) for 5 days. Viable cells were recovered and
used as effectors against fixed number of target TC-1 cells
(1 x 10%) at the indicated ratios for 4 h. Supernatants were pooled
and measured for the release of lactate dehydrogenase (LDH).
The experiments were repeated two more times. *P < 0.05 com-
pared with Ad-E7 in paired Student’s ¢ test

As expected, the Ad-LacZ-immunized group showed
no significant effects on the levels of proliferation as
well as TC-1 cells without splenocytes.
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IFN-y is used as a signature cytokine for Thl
responses as well as effector function of CD8+ T cells
that are critical to tumor eradication [29]. Splenocytes
from immunized mice generated significant levels of
IFN-y when stimulated in vitro by TC-1 cells (Fig. 3b).
The INF-y response upon immunization with Ad-CRT/
E7 was superior to immunization with Ad-E7 immuni-
zation and specific for E7, since immunization with Ad-
LacZ did not generate a measurable IFN-y response
against TC-1 cells.

To test whether the production of IFN-y is associ-
ated with the generation of effective E7-specific cyto-
lytic responses, splenocytes from Ad-CRT/E7, Ad-E7,
and Ad-LacZ immunized mice were stimulated ex vivo
with TC-1 cells in the presence of IL-2 for 5 days to
expand effector cells. As shown in Fig. 3¢, vaccination
with Ad-CRT/E7 induced significant levels of cytotoxic
response against TC-1 cells as compared with Ad-E7.
The cytolytic response was E7-specific, since spleno-
cytes from mice immunized with Ad-LacZ did not have
measurable cytolytic activity against TC-1 cells. Taken
together, these data demonstrate that immunization
with E7 linked to CRT is an effective approach to gen-
erate potent immune responses.

Vaccination with Ad-CRT/E7 protected mice against
E7 expressing tumor challenge

Based on the effect of Ad-CRT/E7 on T cell responses,
we next tested whether pre-vaccination with Ad-CRT/
E7 could protect mice against tumor formation. For
this purpose, four groups of ten mice were challenged
with live TC-1 cells 1 week after immunization with
PBS, Ad-LacZ, Ad-E7, or Ad-CRT/E7. Rapid tumor
growth was observed in mice immunized with Ad-LacZ
similar to the PBS control group. While immunization
with Ad-CRT/E7 resulted in complete protection
against tumor growth, immunization with Ad-E7 only
resulted in 20% tumor-free survival. The tumor pro-
tection effect had long-term immunological memory,
since re-challenge of tumor-free mice with a lethal dose
of live tumor cells 60 days after the first inoculation
resulted in tumor-free survival (Fig. 4).

Vaccination with Ad-CRT/E7 induces a therapeutic
effect against established tumors

In the majority of patients in Third World countries
without screening programs, cervical cancer develop-
ment is generally detected at an advanced stage [35].
Therefore, an efficient therapeutic approach is needed
to treat cervical cancer. Hence, we asked whether Ad-
CRT/E7 could be used for immunotherapy against
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Fig. 4 Prevaccination with Ad-CRT/E7 protected mice against
tumor growth. Four groups of ten naive mice were vaccinated i.p.
with PBS (open square), Ad-LacZ (filled square), Ad-E7 (open
circle), and Ad-CRT/E7 (filled circle) at a concentration of
5 x 10® pfu/mouse. One week later, mice were challenged s.c.
with live TC-1 cells (1 x 10°) in the right leg. Tumor growth was
monitored three times a week for over a period of 60 days. Sur-
viving animals in both groups were re-challenged with TC-1 cells
and monitored for an additional period of 60 days (arrow)

established tumors in two different settings. In the first
setting, a group of mice was injected i.p. with the aden-
oviral constructs three times at 7-day intervals, starting
at day 5 after tumor challenge. All animals vaccinated
with Ad-CRT/E7 had tumor-free survival for more
than 60 days (Fig. 5a, b), and no tumor growth was
observed in these animals upon second challenge with
live tumor cells. However, normal tumor growth was
observed in mice treated with Ad-E7, similar to the
mice treated with Ad-LacZ.

In the second setting, the efficacy of the Ad-CRT/
E7 to eliminate established TC-1 tumors was tested.
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Fig. 5 Systemic vaccination with Ad-CRT/E7 after tumor chal-
lenge resulted in regression of early-stage tumors. For the treat-
ment of early stage of tumors, three groups of ten mice were
inoculated s.c. with 1x10° live TC-1 cells in the right leg. Five days
later, mice were vaccinated i.p with Ad-LacZ (filled square), Ad-
E7 (open circle), and Ad-CRT/ET7 (filled circle) at a concentration
of 5 x 10% pfu/mouse three times at 7-day intervals (vertical

Ad-CRT/E7, Ad-E7, and Ad-LacZ constructs were
administered three times at 2-day intervals by intratu-
moral injection after the tumors were palpable. Tumor
regression was observed in all mice after the third vac-
cination with Ad-CRT/E7, and tumor growth was not
observed for over a period of 60 days and after the
second challenge with live tumor cells at day 70
(Fig. 6a-b). In contrast, vaccination with Ad-E7 or
Ad-LacZ had no effect on tumor growth. Therefore,
the efficacy of intratumoral injection of Ad-CRT/E7
was demonstrated. The results from these two vaccina-
tion settings demonstrate that Ad-CRT/E7 can be used
as a potent therapeutic vaccine against both early and
late-stage E7-expressing tumors.

Discussion

Two divergent immunologic approaches have evolved
for the development of anti-HPV responses; prophy-
lactic and therapeutic vaccines. In general, immuno-
prophylactic vaccines elicit humoral immune responses
characterized by neutralizing antibodies against the
virus. For example, vaccination with L1 and L2 virus-
like particles (VLP) can induce antibodies that neu-
tralize HPV and protect against experimental HPV
infection [36-38]. Recently, an HPV-16 vaccine was
approved by the FDA [39], which is based on HPV-16
L1 VLP. This vaccine is shown to be highly efficient to
prevent carcinoma in situ development in women aged
16-23 years; it prevents HPV-16 infection, but does not
treat patients with existing HPV infection or with cer-
vical carcinoma. Most sexually active women may
already be exposed to HPV [1], so it is unlikely that
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Days after first immunization

arrows). Tumor growth was monitored three times a week, and
tumor size was expressed as the mean of two perpendicular
diameters. a Tumor growth is shown starting from first vaccina-
tion. b Survival was monitored for over a period of 60 days.
Surviving animals were re-challenged with live tumor cells at day
75 and monitored (horizontal arrow)
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Fig. 6 Intratumoral vaccination with Ad-CRT/E7 resulted in
regression of late-stage tumors. For the treatment of late stage of
tumor, three groups of ten mice were inoculated s.c. with TC-1
cells in the right leg. When the tumors were palpable, Ad-LacZ
(filled square), Ad-E7 (open circle), or Ad-CRT/ET7 (filled circle)
at a concentration of 5 x 10® pfu/mouse were injected three times

humoral immunity induced from VLP-based HPV vac-
cines would be effective in treating these women.
Therefore, development of vaccines that induce the
cellular arm of the immune system against cells
expressing the tumor-associated/specific antigens will
be an important therapeutic advance for individuals
with HPV-induced tumors [1].

As the HPV-16 E7 antigen proved to be highly
immunogenic and is expressed frequently in cervical
cancer, several therapeutic and prophylactic vaccines
based on the E7 as the common antigenic component
have been developed in animal disease models. These
approaches include vaccination with purified E7 pro-
tein [40], modified non-transformant HPV E6/E7
fusion proteins [16], DNA vectors encoding the trans-
location domain of a bacterial toxin conjugated with
E7 [41], various viral vectors carrying E7 [42], dendritic
cell-pulsed E7 [43], adenoviral vectors expressing E7
and IL-12 [33], or recombinant E7 with CpG oligonu-
cleotides [30]. These vaccination approaches generally
were successful in inducing CD8+ T cell responses
against cancer cells with prophylactic as well as thera-
peutic efficacies. We herein demonstrated the effects of
E7 fused to CRT, delivered by replication-deficient
adenoviral vector against E7-expressing tumor cell line
TC-1. Fusion of CRT to E7 plays two main roles in this
approach: facilitation of antigen presentation and iso-
lation of E7 from interference to cell cycle control.

Previous studies have shown that CRT is an abun-
dant binding protein that is localized in the ER [20].
Therefore, CRT can directly transport E7 antigen to
the ER and facilitate antigen presentation in associa-
tion with MHC molecules. We tested this hypothesis
via confocal fluorescence microscopy using a DC cell
line transduced with Ad-CRT/E7 or Ad-E7. E7 protein
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at 2-day intervals (vertical arrows) inside the tumors. Tumor
growth size was monitored, and tumor size was expressed as the
means of two perpendicular diameters. a Tumor growth is shown
starting from the first vaccination. b Survival was monitored for
over a period of 60 days. Surviving animals were re-challenged
with live tumor cells at day 75 and monitored (horizontal arrow)

was distributed in both ER and the nucleus in the cells
transduced with Ad-E7, whereas fusion with CRT
localized the E7 protein only in the ER. Transporta-
tion of wild-type E7 by CRT could “sequester” E7 in
the ER. This effect could potentially diminish the pos-
sibility of inhibition of the tumor suppressor pRB by
E7, although we have not yet tested that hypothesis.
Interaction of E7 and regulatory proteins in pRB fam-
ily could result in loss of control of cell growth, particu-
larly through release of EF2-1 [9]. Therefore, using
CRT/E7 fusion has a potential advantage over previ-
ously published approaches using the wild-type E7 as
an immunogen by not interfering with the cell cycle
control and eliminating the risk of vaccine-induced
tumorigenesis.

The fusion of CRT/E7 has been tested in different
studies with a search for an effective vector as a model
vaccine against cervical cancer. For instance, Cheng
et al. explored the effect of intradermal administration
of a CRT/E7 DNA vaccine, which exhibited a dramatic
increase in E7-specific CD8+ T cell precursors and a
potent antitumor effect against E7-expressing tumors
compared to E7 DNA or CRT DNA alone [18].
Recently, Hsieh et al. tested the CRT/E7 fusion gene
against E7-expressing TC-1 tumors [31]. Vaccinia virus
and DNA vaccine were compared and both vectors
protected mice against tumor growth. Upon vaccina-
tion with vaccinia virus or DNA vector starting 5 days
after tumor challenge, tumor growth was shown to
slow down and tumors remained small [31]. Although
vaccinia virus was very effective, many studies have
shown that adenovirus vectors are more efficient as
compared with other delivery systems in induction of
anti-tumor immune responses against tumor-associ-
ated antigens [44]. Therefore, in the present study, we
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have tested the effect of CRT/E7 fusion delivered by a
replication-deficient adenovirus vector. This vector
protected the mice against tumor growth similar to pre-
viously published vaccinia virus and DNA vectors [31].
Most importantly, we herein demonstrated that the
adenoviral vector was effective against both early-stage
tumors and palpable/established tumors. Upon vacci-
nation in both stages of tumor progression, the TC-1
tumors were completely treated. In addition, re-
challenge with live tumor cells showed that these mice
generated long-term immunological memory against
E7-expressing TC-1 cells.

Therefore, the adenoviral vector expressing CRT/
E7 fusion used in this study has potential clinical utility
for the treatment of advanced cervical cancer and may
have advantages over the other vector systems.

Previous studies have shown that immunologic bar-
riers and dose/route of administration are factors that
could prevent the effect of adenovirus vectors [45].
Antibodies against adenovirus are generated as soon as
2 days after immunization, and antibody titers depend
on the dose of virus [46]. In addition, transgene expres-
sion could decline 7 days after immunization [47].
Intraperitoneal injection can have a rapid effect on
antigen delivery to the lymph nodes. Although it is not
tested, it may also induce immune responses against
the adenovirus vector, particularly in the form of anti-
bodies [48, 49]. On the other hand, several studies have
shown that intratumoral injection of adenovirus
induces a significant tumor regression [50, 51]. Intratu-
moral injection of the vectors could provide an impor-
tant safety advantage over i.p or i.v. injection, because
the vector could infect predominantly the cells in the
tumor instead of other vital cells, such as liver cells, and
could greatly reduce virus dissemination [52, 53]. While
they were tested at different stages, the success in both
vaccination protocols presented in this study revealed
that adenovirus expressing CRT/E7 has the potential
for treatment of both early and advanced stages of cer-
vical cancer.

It must be recognized that the clinical utility of Ad-
CRT/E7 in humans could be limited by the presence of
preexisting neutralizing antibodies against adenovirus
as a result of natural infection with this virus [54, 55],
although little is known about the level or impact of
neutralizing antibodies following subcutaneous or
intramuscular injection. Neutralizing antibodies can
diminish, but not necessarily eliminate gene transfer
from adenoviral vectors [56-59]. Several studies have
shown that the presence of neutralizing antibodies spe-
cific for the virus did not affect the usefulness of
repeated applications of adenovirus-transduced DCs
and boosted the CTL response even in mice previously

infected with the recombinant vector [32, 60, 61]. Thus,
the use of DCs transduced with recombinant adenovi-
rus could circumvent the presence of neutralizing anti-
bodies providing advantages over other forms of
immunization.

In conclusion, our current data demonstrated that
adenoviral vectors expressing the fusion of CRT and
E7 can effectively be used as a prophylactic and thera-
peutic vaccine against E7-expressing tumors. The
efficacy of this vaccine approach in clinical trials
remains to be established, and if effective against cervi-
cal cancer, the same approach could be used to link
CRT to non-viral tumor-associated antigens as a gen-
eral approach for various cancer types as well as infec-
tious agents.
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