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Abstract

More than 99% of cervical cancers have been asso-
ciated with human papillomaviruses (HPVs), partic-
ularly HPV type 16. The clear association between HPV
infection and cervical cancer indicates that HPV serves
as an ideal target for development of preventive and
therapeutic vaccines. Although the recently licensed
preventive HPV vaccine, Gardasil, has been shown to
be safe and capable of generating significant pro-
tection against specific HPV types, it does not have
therapeutic effect against established HPV infections
and HPV-associated lesions. Two HPV oncogenic pro-
teins, E6 and E7, are consistently co-expressed in
HPV-expressing cervical cancers and are important in
the induction and maintenance of cellular transforma-
tion. Therefore, immunotherapy targeting E6 and/or E7
proteins may provide an opportunity to prevent and
treat HPV-associated cervical malignancies. It has
been established that T cell-mediated immunity is one
of the most crucial components to defend against HPV
infections and HPV-associated lesions. Therefore, ef-
fective therapeutic HPV vaccines should generate
strong E6/E7-specific T cell-mediated immune res-
ponses. DNA vaccines have emerged as an attractive

approach for antigen-specific T cell-mediated im-
munotherapy to combat cancers. Intradermal admin-
istration of DNA vaccines via a gene gun represents an
efficient way to deliver DNA vaccines into professional
antigen-presenting cells in vivo. Professional anti-
gen-presenting cells, such as dendritic cells, are the
most effective cells for priming antigen-specific T
cells. Using the gene gun delivery system, we tested
several DNA vaccines that employ intracellular target-
ing strategies for enhancing MHC class | and class I
presentation of encoded model antigen HPV-16 E7.
Furthermore, we have developed a strategy to prolong
the life of DCs to enhance DNA vaccine potency. More
recently, we have developed a strategy to generate an-
tigen-specific CD4" T cell immune responses to further
enhance DNA vaccine potency. The impressive pre-
clinical data generated from our studies have led to
several HPV DNA vaccine clinical trials.
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Introduction

Cervical cancer is an important disease because it
is the 2™ largest cause of cancer deaths in women
worldwide (Parkin et al., 2005). It has been
established that the primary factor in the develop-
ment of cervical cancer is persistent infection with
human papillomavirus (HPV) and HPV DNA has
been detected in 99.7% of cervical cancers
(Walboomers et al., 1999). More than 200 HPV
genotypes have been identified and they are
classified into low or high-risk types, depending on
their propensity to cause cervical cancer (de
Villiers et al., 2004). High-risk types, such as HPV
16 and HPV 18, are the most frequent HPV type
associated with cervical cancer. High-risk HPV types
are frequently associated with squamous intraepi-
thelial lesions (SIL), also called cervical intraepithelial
neoplasia (CIN) precursor lesions of cervical cancer
(For a review, see Roden and Wu, 2006).

The molecular biology of human papillomavirus
has been well studied. HPV has a circular, double-
stranded DNA genome containing about 8,000
base pairs and encoding two classes of proteins:
early proteins and late proteins. The early proteins
regulate viral DNA replication (E1, E2), viral RNA
transcription (E2), cytoskeleton reorganization (E4)
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and cell transformation (E5, E6, E7), whereas the
late proteins (L1, L2) are structural components of
the viral capsid. The expression of these proteins
is tightly regulated and associated with the
differentiation of infected epithelial cells. E2 func-
tions as the master regulator that regulates the
expression of all the other viral genes, and is
particularly involved in the repression of E6 and
E7. The viral oncogenes, E6 and E7 are responsi-
ble for transformation. In most cases of cervical
cancer, the HPV genome integrates into the host
chromosomal DNA and leads to the disruption of
the viral E2 gene. Since E2 is a transcriptional
repressor of E6 and E7, loss of E2 leads to
upregulation of E6 and E7 genes. The uncontrolled
expression of E6 and E7 proteins disrupts normal
cell cycle regulation by interacting with p53 and Rb
thereby prolonging the cell cycle and suppressing
apoptosis, contributing to the progression of
HPV-associated cervical cancer (For a review, see
zur Hausen, 2002).

A basic understanding of HPV biology is essen-
tial for the development of vaccines against HPV.
Vaccination represents a highly cost-effective ap-
proach to reduce the mortality of HPV. The clear
association between HPV infection and cervical
cancer indicates that HPV serves as an ideal target
for development of preventive and therapeutic
vaccines. Vaccination could be implemented to
prevent infection by generating neutralizing anti-
bodies to block HPV viral infection (preventive
vaccines) or to eliminate infection by inducing a
virus-specific T cell-mediated response (therapeu-
tic vaccines). The structural components of infec-
tious viral capsids, L1 and L2 proteins have been
extensively used as targets for preventive vaccine
development. These vaccines act by generating
neutralizing antibodies against HPV infection.
However, L1 and L2 are not expressed in the basal
cells infected with HPV, unlike the HPV early
proteins, such as E6 and E7 which are expressed
early in viral infection at all levels of the infected
epithelium and help regulate the progression of the
disease. Therefore, therapeutic vaccines should
aim to generate T cell-mediated immune responses
against the early proteins, such as E6 and E7.

The Food and Drug Administration (FDA)
recently approved a novel preventive HPV vaccine,
Gardasil, developed by Merck for the control of
HPV infections. This vaccine uses HPV virus-like
particles (VLP) to generate neutralizing antibodies
against major capsid protein, L1. However, pro-
phylactic HPV vaccines do not have therapeutic
effects against pre-existing HPV infections and
HPV-associated lesions. Furthermore, due to the
considerable burden of HPV infections worldwide,

it would take decades for preventive vaccines to
impact the prevalence of cervical cancer. Thus, in
order to further facilitate the control of cervical
cancer and to address patients with current
infections, the continued development of therapeu-
tic vaccines against HPV is critical. Therapeutic
HPV vaccines can potentially eliminate preexisting
lesions and malignant tumors by generating
cellular immunity against HPV-infected cells.

The major factor involved in the designing of
therapeutic vaccines is the choice of target
antigen. In case of HPV, the early viral proteins
such as E6 and E7 are potentially ideal target
antigens since they are expressed early in viral
infection. Furthermore, the genes E6 and E7 are
essential for transformation and are co-expressed
in HPV infected cells but not in normal cells (Crook
et al., 1989). Thus, these genes represent suitable
target antigens for the development of therapeutic
HPV vaccines.

There are a number of therapeutic vaccine
approaches mainly targeting E6 and E7, that have
been tested in preclinical and clinical trials, such as
peptide or protein-based vaccines, live vector
vaccines, cell-based vaccines and DNA vaccines.
Among different forms of therapeutic HPV vac-
cines, DNA vaccines have become an attractive
and potentially effective strategy for antigen- spe-
cific immunotherapy. Naked DNA is relatively safe,
stable, and easy to produce, and can be used to
sustain high levels of antigen expression in cells
(for reviews, see Donnelly et al., 1997; Gurunathan et
al., 2000). In addition, since DNA vaccines do not
elicit antibodies against DNA in the patient, they
can be repeatedly administered. DNA vaccines,
however, are poorly immunogenic because DNA
lacks cell type specificity. Furthermore, DNA lacks
the intrinsic ability to amplify or spread to sur-
rounding cells in vivo. The potency of DNA vaccines
can be enhanced by targeting DNA or encoded
antigen to professional APCs and by modifying the
properties of antigen-expressing APCs in order to
boost vaccine-elicited immune responses.

Professional APCs, especially dendritic cells
(DCs), are the central players in the initiation of the
adaptive immune response. Accumulating evi-
dence suggests that cell-mediated immunity is
critical for the control of viral infections and malig-
nant tumors. It is now clear that DCs play a key
role in the generation of antigen-specific antiviral
and antitumor T cell immune responses. The
generation of CD8" T cells allows for direct killing
of viral-infected cells or tumors, while the genera-
tion of CD4" T helper cells leads to the augmenta-
tion of both CD8" immune responses. DCs are
chiefly responsible for the presentation of antigen



to naive CD4" and CD8" T cells and for the
activation of armed effector CD4" and CD8" T
cells. Immature DCs, which are located in peri-
pheral tissues, efficiently uptake antigens, process
the antigens into antigenic peptides, and load the
peptides onto MHC class | and class Il molecules
in order to present them on the cell surface. These
immature DCs possess various types of surface
receptors which enable them to respond to danger
signals, such as bacterial or viral components or
inflammatory cytokines indicating the presence of
an infection (for a review, see Guermonprez et al.,
2002). In response to a danger signal, the DCs
undergo a maturation process, upregulating adhe-
sion and co-stimulatory molecules and transform-
ing into efficient APCs and potent activators of T
cells. These DCs then migrate to the lymphoid
organs to select and stimulate antigen-specific T
cells (for reviews, see Steinman, 1991; Ban-
chereau et al., 2000; Guermonprez et al., 2002).
Therefore, we have developed various strate-
gies to enhance the potency of DNA vaccines and
to augment vaccine-elicited T cell immune res-
ponses; these strategies have focused on: 1) in-
creasing the number of antigen-expressing DCs; 2)
improving antigen expression, processing, and
presentation in DCs and; 3) enhancing DC and T
cell interaction. The current review discusses the
various strategies to enhance DNA vaccine
potency and their eventual clinical translation.

Strategies to increase the number of
antigen-expressing and/or antigen-loaded
DCs

Intradermal administration of DNA vaccines via gene
gun as an efficient route for the delivery of DNA to DCs

One strategy for increasing antigen-expressing DC
populations is to find convenient and effective
routes for the delivery of DNA vaccines directly into
DCs in vivo. To date, DNA vaccines have been
most commonly administered via either the intra-
muscular or intradermal route (for a review, see
Gurunathan et al, 2000). Among the previously
explored routes of DNA administration, intradermal
vaccination via a gene gun represents one of the
most efficient methods for delivering DNA directly
into DCs. The gene gun can deliver DNA-coated
gold particles into intradermal Langerhans cells in
vivo (Condon et al., 1996); these cells then mature
and migrate to the lymphoid organs for T cell
priming (Porgador et al., 1998). In addition, gene
gun immunization is significantly more dose-effi-
cient than intramuscular or subcutaneous injection
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(for reviews, see Gurunathan et al., 2000; Payne et
al., 2002). Thus, intradermal administration of DNA
by gene gun allows us to test several strategies that
require the delivery of DNA directly into dendritic
cells. We have used this system to modify the
properties of dendritic cells to enhance DNA vaccine
potency (for a review, see Hung and Wu, 2003).

Intercellular antigen spreading as a strategy to
increase the number of antigen-expressing DCs

The potency of DNA vaccines is still limited by the
inability of naked DNA to naturally amplify and
spread among DCs in vivo. This limitation can
potentially be overcome by promoting the spread
of encoded antigen from transfected cells to DCs.
Linkage of antigen to proteins capable of inter-
cellular transport has been shown to facilitate the
spread of encoded antigen. For example, we have
previously employed the herpes simplex virus type
1 (HSV-1) tegument protein VP22 for our DNA
vaccine development. When HSV-1 VP22 is linked
to thymidine kinase (Dilber et al., 1999), cytosine
deaminase (Wybranietz et al., 2001), p53 (Phelan
et al,, 1998), or green fluorescent protein (GFP)
(Elliott and O'Hare, 1997), it has been shown to
distribute these proteins to the nuclei of surround-
ing cells. A fusion gene consisting of VP22 linked
to a model antigen, human papillomavirus type 16
(HPV-16) E7, was demonstrated to dramatically
increase the number of E7-expressing DCs in the
lymph nodes of mice (Kim et al., 2004b) as well as
enhance E7-specific long-term memory CD8" T cell
immune responses and antitumor effects against
E7-expressing tumor cells (Hung et al., 2001a; Kim
et al., 2004b). Similarly, HSV-1 VP22 has been
employed in a DNA vaccine to enhance vaccine-
elicited immune responses against HPV-16 EG6
(Peng et al., 2005) as well as influenza NP antigen
(Saha et al., 2006).

Two other proteins with some homology to
VP22, bovine herpesvirus VP22 (BVP22) and
Marek's disease virus VP22 (MVP22) have also been
shown to be capable of intercellular spreading and
transport (Koptidesova et al., 1995; Dorange et al.,
2000; Harms et al., 2000; Mwangi et al., 2005). We
have shown that vaccination with a fusion gene
consisting of MVP22 linked to HPV-16 E7 enhances
E7-specific CD8" T cell responses and antitumor
effects in mice relative to immunization with wild-type
E7 DNA (Hung et al., 2002).

Some concerns are raised that the intercellular
trafficking ability of VP22 may potentially be
attributed to fixation artifacts (Lundberg and
Johansson, 2001). For example, one group found
that transfection of mammalian cells with DNA
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encoding HSV-1 VP22 fused to enhanced GFP
(EGFP) did not lead to increased intercellular
spread of the fusion protein in vitro, but could lead
to significantly enhanced production of EGFP-
specific antibodies in mice vaccinated with this
construct (Perkins et al, 2005). However, the
transport properties of VP22 without fixation have
been demonstrated (Oliveira et al., 2001). In parti-
cular, binding and transport of an RNA (Us8.5-
EGFP) into surrounding cells by VP22 without
fixation has been shown (Sciortino et al., 2002).
Since no intercellular transport of Us8.5-EGFP mRNA
was observed in the absence of VP22, this study
supports the conclusion that VP22 can move
between cells. To date, the ability of VP22 to bind
and transport non-Us8.5-EGFP mRNA has not been
shown. However, if these issues are addressed, it is
possible that in the future co-administration of DNA
encoding VP22 and DNA encoding antigen of interest
may represent a method for the distribution of
antigen to surrounding cells.

Linkage of antigen to molecules capable of binding to
DCs as a method to target antigen to DCs

Another strategy to increase the number of anti-
gen-expressing or antigen-loaded DCs is the
linkage of antigen to molecules that target the
antigen to the surface of DCs in the context of DNA
vaccines. For example, DNA vaccines encoding
antigen linked to a secreted form of heat shock
protein 70, which bind to scavenger receptors on
the surface of DCs such as CD91, may represent
an effective method for targeting linked antigen to
DCs and enhancing antigen-specific immunity
(Hauser and Chen, 2003; Trimble et al., 2003;
Hauser et al, 2004). We have also shown that
linkage of antigen to Fms-like tyrosine kinase
3-ligand can also target antigen to DCs; a chimeric
FIt-3L-E7 fusion gene can significantly improve
CTL responses in mice compared to vaccination
with wild-type E7 DNA (Hung et al., 2001c).

Employment of chemotherapy-induced apoptotic
cell death to increase the number of antigen-loaded
DCs

Co-administration of DNA vaccines with chemo-
therapeutic agents in the presence of an es-
tablished tumor can promote the release of antigen
from apoptotic tumor cells. This can potentially
facilitate antigen uptake by local DCs, resulting in
enhancement of DNA vaccine potency. For exam-
ple, we have recently shown that the chemothera-
peutic agent epigallocatechin-3-Gallate (EGCG), a
chemical derived from green tea, could induce

tumor cellular apoptosis and enhance the tumor
antigen-specific T cell immune responses elicited
by DNA vaccination (Kang et al., 2007). However,
it is important to note that such a strategy is more
appropriate in a therapeutic context (i.e. in the
presence of a tumor) because in the absence of a
tumor, EGCG actually leads to decreased DNA
vaccine potency, presumably acting as an suppres-
sor of DC function (Kang et al., 2007). It may be of
interest to explore whether other chemotherapeutic
agents could exhibit similar synergistic effects
when combined with DNA vaccines.

Strategies to improve antigen expression,
processing, and presentation in DCs

Codon optimization as a strategy to enhance antigen
expression in DCs

Codon optimization has emerged as an important
strategy to enhance the expression of encoded
antigen in DCs. This technique involves the modifi-
cation of antigenic gene sequences by replace-
ment of codons that are rarely recognized by
cellular protein synthesis machinery with more
commonly recognized codons. This strategy can
enhance the translation of DNA vaccines in DCs.
For example, we have demonstrated that immuni-
zation of mice with codon-optimized HPV-16 E6
DNA (Lin et al., 2006) generated greater immune
responses than vaccination of mice with wild-type
E6 DNA.

Employment of intracellular targeting strategies to
enhance MHC class | and class Il antigen presentation
in DCs

Increased progress in our understanding of intra-
cellular pathways for antigen presentation has
created the opportunity to enhance DNA vaccine
potency. Strategies to facilitate MHC class | anti-
gen processing in DCs can lead to the activation of
larger populations of CD8" T cells and the genera-
tion of stronger antitumor or antiviral immunity. It
has been demonstrated that linkage of antigen to
proteins that target the antigen for proteasomal
degradation or entry into the endoplasmic reti-
culum (ER) can facilitate MHC class | presentation
of linked antigen in DCs. For example, linkage of
antigen to Mycobacterium tuberculosis heat shock
protein 70 (hsp70) (Chen et al., 2000a), y-tubulin
(Hung et al., 2003), calreticulin (CRT) (Cheng et
al., 2001) or the translocation domain of Pseudo-
monas aeruginosa exotoxin A [ETA(dI] (Hung et
al., 2001b) can significantly improve MHC class |
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presentation of nuclear or cytosolic antigens (see
Figure 1). In a head-to-head comparison of HPV-
16 E7 DNA vaccines employing intracellular
targeting strategies, we found that a DNA vaccine
encoding E7 linked to CRT generated the greatest
E7-specific CTL responses and antitumor effects
against E7-expressing tumors in a preclinical
model (Kim et al., 2004a). The encouraging results
from these preclinical studies have led to several
proposed HPV DNA vaccine clinical trials at Johns
Hopkins (Dr. T.-C. Wu, personal communications).
Strategies have also been developed to en-
hance MHC class Il presentation of antigen en-
coded by DNA vaccines. It is increasingly evident
that CD4" helper T cells also play a major role in
the priming of CD8" T cells as well as the genera-
tion of memory T cells (Castellino and Germain,
2006). Thus, strategies to facilitate MHC class Il
presentation of vaccine-encoded antigen can signi-
ficantly improve the potency of the DNA vaccines.
For example, we have demonstrated that fusion of

ntation. DC, dendritic cell; MHC, major histocompatibility com-
calreticulin; LAMP-1, lysosomal-associated membrane protein

HPV-16 E7 with the sorting signal of lysosomal-
associated membrane protein type 1 (LAMP-1) can
target the E7 antigen to cellular endosomal/lysoso-
mal compartments and facilitate class Il presenta-
tion of E7 (Wu et al., 1995) (See Figure 1). This
construct was tested in the context of a DNA
vaccine and generated higher numbers of E7-
specific CD4" T cells as well as greater E7-specific
CTL activity in mice than DNA vaccines encoding
wild-type E7 alone (Ji et al., 1999).

More recently, we have developed a DNA
vaccine strategy employing MHC class ll-associ-
ated invariant chain (li) for improving class |l
presentation of antigen in DCs. In the ER, li binds
with MHC class Il molecules, and the class II-
associated peptide (CLIP) region of li occupies the
peptide-binding groove of the MHC molecule,
preventing premature binding of antigenic peptides
into the groove (for reviews, see Cresswell, 1994;
Trombetta and Mellman, 2005). In the endosomal/
lysosomal compartments, CLIP is replaced by a
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cell surface. By substituting the CLIP region of li
with a desired epitope, the epitope can be ef-
ficiently presented through the MHC class I
pathway in DCs for the stimulation of peptide-
specific CD4" T cells (see Figure 2). Using this
rationale, we have created a DNA vaccine en-
coding li with the CLIP region replaced with the
pan HLA-DR binding epitope (PADRE) and shown
that this DNA vaccine could elicit potent PADRE-
specific CD4" T cell responses in vaccinated mice
(Hung et al., 2007b). In addition, a co-administration
of this vaccine (termed li-PADRE) with DNA encoding
HPV-16 E7 generated significantly greater CD8" T
cell immune responses relative to a co-administration
of DNA encoding HPV-16 E7 with DNA encoding
unmodified li (Hung et al., 2007b).

Bypassing antigen processing as a method for
generating stable antigen presentation in DCs

We have recently employed a MHC class | single-
chain trimer (SCT) technology to bypass the
antigen processing and presentation. This strategy
involves the linkage of the gene encoding an E6
antigenic peptide to 2-microglobulin and a MHC
class | heavy chain, producing a single-chain
construct encoding the peptide antigen fused to an
MHC class | molecule (see Figure 3). The expres-
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Figure 2. Employment of Ii for stable
presentation of a desired antigenic
peptide by DCs. The translated li-anti-
gen peptide enters the ER and binds to
an MHC class Il molecule, with the an-
tigenic peptide occupying the peptide-
binding groove of the MHC molecule.
In the lysosomal compartments, the li
chain is degraded, leaving the desired
antigenic peptide in the peptide-binding
groove of the MHC class Il molecule
and allowing for the stable presentation
of the antigenic peptide on the cell
surface.
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Figure 3. (A) lllustration of a SCT (comprising antigenic peptide, p2-mi-
croglobulin, and MHC class | heavy chain) on the cell surface. (B) The
SCT gene construct.

sion of this construct within DCs may allow for
stable presentation of the E6 antigenic peptide
through MHC class | molecules on the cell surface.
We have shown that a DNA vaccine encoding a
SCT encoding a HPV-16 E6 CTL epitope, p2-



microglobulin, and H-2K® MHC class | heavy chain
generated enhanced E6 peptide-specific CD8" T
cell responses in vaccinated mice relative to
immunization with DNA encoding wild-type HPV-16
E6 (Huang et al, 2005). In addition, such
strategies have also been applied to enhance DNA
vaccine potency in other antigenic systems (Hung
et al., 2007a).

Strategies to enhance DC and T cell
interaction

Prolonging DC survival to enhance T cell interaction

After T cell priming, DCs may become targets of T
cell-mediated apoptosis. Thus, strategies to
prolong the life of DCs may further increase the
number of activated T cells. We have developed a
strategy to prolong DC survival using DNA en-
coding antiapoptotic proteins, including Bcl-xL,
Bcl-2, X-linked inhibitor of apoptosis protein (XIAP),
and dominant negative mutants (dn) of caspases
such as dn caspase-9 and dn caspase-8. Our
studies have indicated that co-administration of a
DNA vaccine encoding HPV-16 E7 with DNA
encoding any of these antiapoptotic factors could
augment E7-specific CTL responses and elicit
potent antitumor effects against E7-expressing
tumors in vaccinated mice (Kim et al., 2003).
However, delivery of DNA encoding antiapoptotic
proteins into cells raises concerns for cellular
malignant transformation. The use of gene knock-
down strategies such as RNA interference (RNAI)
targeting key proapoptotic proteins may provide a
novel method for accomplish the same goal while
alleviating the concern of oncogenicity. Thus, we
have shown that co-administration of a DNA
vaccine encoding HPV-16 E7 with siRNA targeting
the key proapoptotic proteins Bak and Bax can
prolong the survival of transfected DCs and
augment E7-specific CD8" T cell responses
against E7-expressing tumors in mice (Kim et al.,
2005). These studies suggest that prolongation of
DC survival may represent an effective strategy for
improving antigen presentation by DCs to T cells
and for enhancing vaccine-elicited T cell immune
responses. It would be of interest to further explore
co-administration of DNA vaccines with siRNA
targeting other key proapoptotic proteins, such as
caspase-8, caspase-9 and/or caspase-3, to en-
hance DNA vaccine potency.

Induction of CD4" T cell help as a strategy for
augmenting CD8" T cell responses

The activation of CD8" T cells is dependent upon,
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and augmented by, T cell help from CD4" T cells.
Thus, strategies to induce CD4" T helper cells at
sites of CD8" T cell priming can potentially en-
hance CTL immune responses. For example, we
have shown that co-administration of DNA
vaccines with DNA encoding an li chain with the
CLIP region replaced with pan HLA-DR binding
epitope (PADRE) (see above) could lead to
significant enhancement in antigen-specific CD8"
immune responses (Hung et al, 2007b). This
suggests a potentially effective vaccine strategy for
CD4" T cell-mediated augmentation of CD8" T cell
priming for potentiating DNA vaccines. Further-
more, the strategy to enhance CD4" T cell help can
be used in conjunction with other strategies, such
as strategies to prolong the life of DCs and/or other
intracellular targeting strategies to further enhance
DNA vaccine potency, since these strategies are
not mutually exclusive (Kim et al., 2007).

DNA vaccine clinical trials

The encouraging data from preclinical models
have led to several therapeutic HPV DNA vaccine
clinical trials. For example, DNA vaccines encoding
a signal sequence linked to an attenuated form of
HPV-16 E7 (with a mutation that abolishes the Rb
binding site) (E7detox) and fused to heat shock
protein 70 (Sig/E7detox/Hsp70) are currently under-
going phase | trials on HPV-16 positive patients with
high-grade CIN lesions at Johns Hopkins (Dr.
Cornelia Trimble, personal communication). The ftrial
design was a straight dose-escalation phase |,
testing a homologous DNA-DNA-DNA prime-boost
vaccination regimen of three vaccinations per
patient, at three dose levels, 500, 1,000, and 3,000
micrograms, delivered intramuscularly at one-month
intervals, prior to standard therapeutic resection of
remaining lesion, seven weeks after the last
vaccination. No adverse or dose-limiting site effects
were observed at any dose level of the DNA vaccine
and the vaccination was considered to be feasible
and tolerable in patients with CIN2/3 lesions. The
patients in the highest dose cohort generated IFN-y
secreting CD8" T cell immune responses to E7 of
greater magnitude in PBMCs than subjects in lower
dose cohorts. Thus, it appears to be possible to
generate antigen-specific cytotoxic T cells with this
construct, in patients with established CIN2/3
lesions. Disease regression was not observed at the
first two dose levels in the 15-week study window. In
the highest dose cohort, however, disease regres-
sion was observed in 3 of 9 patients post-vac-
cination. The analysis regarding the correlation of
the immune response with lesion regression is
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currently ongoing. Another phase | trial using the
same naked DNA vaccine (Sig/E7detox/ Hsp70) is
currently ongoing in HPV-16 positive patients with
advanced head and neck squamous cell carcinoma
(Dr. Maura Gillison, personal communication) at the
Johns Hopkins University. Likewise, no significant
adverse effects were observed in this study. Some
of the DNA treated patients developed appreciable
E7-specific immune responses.

Another candidate DNA vaccine that is currently
being prepared for clinical trials conducted at
University of Alabama at Birmingham in collabora-
tion with Johns Hopkins is a DNA vaccine en-
coding calreticulin (CRT) fused to HPV-16 E7
(E7detox) (Drs. Ronald Alvarez and Cornelia
Trimble, personal communication). Intradermal ad-
ministration of the CRT/E7 DNA vaccine has been
shown to generate significant E7 antigen-specific
immune responses in preclinical models (see
above). This therapeutic HPV DNA vaccine trial will
be performed in HPV-16 positive patients with
stage 1B1 cervical cancer using a PowderMed/
Pfizer proprietary gene gun device ND-10, which is
an individualized gene gun device suitable for clinical
trials. This study aims to investigate whether the
repeated, cluster (short-interval) intradermal CRT/
E7 DNA vaccination is safe and able to generate
E7-specific CD8" T cell immune responses in
patients with stage 1B1 resectable cervical cancer.
DNA vaccination using the cluster vaccination
regimen has been shown to rapidly induce antigen-
specific CD8" T cell immune responses in preclinic-
al models (Dr. T.-C. Wu, personal communication).
The proposed trial using cluster vaccination regi-
men will make it possible to complete the vacci-
nation regimen before tumor resection allowing the
assessment of the influence of the DNA vacci-
nation on the tumor microenvironment without
compromising the standard care of the patient.

Combination vaccines

The effect of therapeutic HPV DNA vaccines may
be enhanced through a combination approach using
heterologous prime-boost strategies. Prime- boost
regimens are perhaps the most effective treatment
strategy for vaccination against HPV. Because
nucleic acid vaccines often generate relatively weak
CTL responses, combinatorial vaccination appro-
aches are used to circumvent this limitation. Priming
with a DNA or RNA vaccine and then boosting with
a viral vector vaccine has been shown to result in
enhanced immune responses relative to single
modality vaccinations. For example, we have de-
monstrated that vaccination with DNA prime fol-

lowed by vaccinia boost regimen generates a
significantly higher antigen-specific immune re-
sponse compared to DNA vaccination alone (Chen
et al, 2000b). A phase Il clinical trial using
heterologous E7 DNA prime (Sig/E7(detox)/HSP70)
followed by vaccinia boost (TA-HPV) is currently
being planned in HPV-16 associated CIN2/3 pa-
tients at Johns Hopkins (Dr. Cornelia Trimble, per-
sonal communication). TA-HPV is a vaccinia con-
struct derived from the Wyeth strain of vaccinia,
which has been obtained from Xenova/Cantab/
Celtic Pharma and has been shown to be less
neurovirulent than the parental virus. TA-HPV was
engineered to express the E6 and E7 genes from
HPV types 16 and 18 (Boursnell et al., 1996). The
proposed phase Il clinical trial will also include the
topical administration of Toll-like receptor agonist,
imiquimod to enhance access of the effector im-
mune cells to the intraepithelial compartments of
lesions. Toll-like receptor agonists, such as imi-
quimod have been shown to activate the immature
DCs and contribute to the direct killing of tumor cells
(Stary et al., 2007). Thus, our clinical trial design will
test whether the combination of pNGVL4a-Sig/E7
(detox)/HSP70 DNA prime-TA-HPV vaccinia boost
vaccination with or without imigimod treatment is
safe and well-tolerated in patients with HPV-16
associated CIN2/3 lesions. Furthermore, the trial will
determine if the combination of DNA prime-TA-HPV
vaccinia boost vaccination with imigimod treatment
will generate significantly stronger E7-specific im-
mune response and better therapeutic effects com-
pared to prime-boost vaccination alone or imiqui-
mod treatment alone.

Combination approaches including chemothera-
py, radiation or other biotherapeutic agents com-
bined with HPV therapeutic vaccination may also
serve to enhance the therapeutic HPV vaccine
potency. For example, a recent study has shown
that the chemotherapeutic agent epigallocatechin-
3-Gallate (EGCG), a chemical derived from green
tea, could induce tumor cellular apoptosis and
enhance the tumor antigen-specific T cell immune
responses elicited by DNA vaccination (Kang et al.,
2007). These successful results have led to the
planning of a phase | clinical trial at Johns Hopkins
involving the combination of oral EGCG admini-
stration with intradermal administration of CRT/E7
DNA vaccination via gene gun in patients with
advanced HPV-associated head and neck squa-
mous cell carcinomas (HPV-HNSCC) (Dr. Sara
Pai, personal communication).

The therapeutic effects of HPV vaccines may be
further enhanced by combination with blocking the
factors that inhibit T cell activation, such as CTLA-
4 and PD-1. These molecules are negative core-



gulators in the T-cell costimulatory pathway. Thus,
antibody-mediated blockade of CTLA-4 and PD-1
can potentially be used to prolong antitumoral T
cell responses (for reviews, see Peggs et al., 2006;
Blank and Mackensen, 2007). The combination of
HPV therapeutic vaccines with agents that influ-
ence the tumor microenvironment may also poten-
tially be used to generate enhanced therapeutic
effects against HPV-associated malignancies. It is
now clear that several factors present in the tumor
microenvironment may potentially hinder immuno-
therapy. These factors include the expression of
B7-H1 (Goldberg et al., 2007), STAT3 (Yu et al,,
2007) and MIC-A and B (Groh et al, 2002),
indoleamine 2,3-dioxygenase (IDO) enzyme (Munn
and Mellor, 2004), and galectin-1 (Rubinstein et al.,
2004) on tumor cells, immunosuppressive cyto-
kines such as IL-10 (Yue et al., 1997) and TGF-B
(Gorelik and Flavell, 2001), T regulatory cells
(Curiel et al., 2004), myeloid-derived suppressor
cells (Nagaraj et al., 2007). It is conceivable that
agents capable of blocking these molecules may
potentially be used to enhance the therapeutic
effects of the HPV vaccines.

Conclusions

The identification and characterization of high-risk
human papillomavirus as a necessary causal agent
for cervical cancer provides a promising possibility
for the eradication of HPV-related malignancies. In
the development of therapeutic HPV DNA vac-
cines, we have focused on enhancing DNA vac-
cine potency and to augment vaccine-elicited T cell
immune responses by: 1) increasing the number of
antigen-expressing DCs via gene gun; 2) im-
proving antigen expression, processing, and pre-
sentation in DCs; and 3) enhancing DC and T cell
interaction. These strategies can potentially be
combined to further enhance DNA vaccine poten-
cy. Furthermore, it is important for HPV therapeu-
tic DNA vaccines to consider using strategies such
as prime-boost regimens and/or combinations
strategies using molecules that are capable of
blocking the negative regulators on T cells to fur-
ther enhance the T cell immune responses. More-
over, increasing understanding of the molecular
mechanisms that hinder immune attack in the
tumor microenvironment will lead to the identifica-
tion of novel molecular targets that can be blocked
in order to enhance the therapeutic effect of HPV
DNA vaccines. With continued endeavor in the
development of HPV therapeutic vaccines, we can
foresee that HPV therapeutic DNA vaccines will
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emerge as a significant approach that can be
combined with existing forms of therapy such as
chemotherapy and radiation leading to effective
translation from bench to bedside for the control of
HPV-associated malignancies.
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