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Abstract
It is now well established that most cervical cancers are causally associated with HPV infection. This
realization has led to efforts to control HPV-associated malignancy through prevention or treatment
of HPV infection. Currently, commercially available HPV vaccines are not designed to control
established HPV infection and associated premalignant and malignant lesions. To treat and eradicate
pre-existing HPV infections and associated lesions which remain prevalent in the U.S. and
worldwide, effective therapeutic HPV vaccines are needed. DNA vaccination has emerged as a
particularly promising form of therapeutic HPV vaccines due to its safety, stability and ability to
induce antigen-specific immunity. This review focuses on improving the potency of therapeutic HPV
vaccines through modification of dendritic cells (DCs) by [1] increasing the number of antigen-
expressing/antigen-loaded DCs, [2] improving HPV antigen expression, processing and presentation
in DCs, and [3] enhancing DC and T cell interaction. Continued improvement in therapeutic HPV
DNA vaccines may ultimately lead to an effective DNA vaccine for the treatment of HPV-associated
malignancies.
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Introduction
Association of HPV with cervical cancer

Cervical cancer is the second most common cancer in women worldwide, with an estimated
493,000 new diagnoses and approximately 270,000 deaths annually [1]. It is now clear that
human papillomavirus (HPV) is the etiological agent implicated in cervical cancer and its
precursor lesions (cervical intraepithelial neoplasia (CIN)), with HPV DNA present in 99.7%
of cervical cancers [2]. There are more than 100 HPV genotypes identified, with forty of these
commonly infecting anogenital epithelium, and fifteen thought to be carcinogenic [3]. Thus,
these viruses are classified into low- and high-risk types depending on their propensity to cause
cancer [4]. Among the high-risk types, HPV-16 is the most common type to be associated with
cervical cancer, having been identified in approximately 50% of all tumors. HPV-18 accounts
for an additional 10–15% and types 31, 33, 45, 52 and 58 each account for an estimated 2–5%.
Thus, HPV-16 and 18 are the most frequent HPV types associated with cervical cancer and
have subsequently been the focus of many recent HPV vaccines under development.

Molecular biology and molecular pathogenesis of HPV
HPV is a non-enveloped double-stranded DNA virus. Its genome contains approximately 8,000
base pairs, which encodes two classes of proteins: early and late proteins (for review, see [5]).
Whereas late proteins (L1 and L2) are structural components of the viral capsid, early proteins
(E1, E2, E4, E5, E6 and E7) are crucial regulators of the viral life cycle. E1 and E2 regulate
replication of viral DNA, while E2 controls viral RNA transcription. E4 controls cytoskeletal
reorganization and E5, E6 and E7 mediate cellular transformation. Among these, E2 is also
called the ‘master regulator’ as it controls the transcription of all HPV viral proteins,
particularly E6 and E7. In cervical cancer, viral integration into host genome often leads to the
deletion of several early (E2, E4, E5) and late (L1, L2) genes, leading to constitutive
upregulation of E6 and E7 oncogenes. E6 and E7 interact with and inactivate tumor suppressors
p53 and Rb, respectively, thereby preventing cellular apoptosis, promoting cell growth and
contributing to progression of HPV-associated malignancies [6].

Current preventive HPV vaccines
The realization of a close link between HPV infection and cervical cancer has led to the
development of numerous HPV vaccines. Preventive HPV vaccines aim to prevent HPV
infection by inducing a neutralizing antibody response (Fig. 1). Improved understanding of
protective humoral immune response against primary HPV infection has led to the development
of preventive HPV vaccines targeting L1 and/or L2 viral capsid proteins. Transfection of
animal cell lines with the gene coding for L1 capsid protein leads to the assembly of virus-like
particles (VLPs) in transfected cells. In preclinical models, VLPs were able to induce
production of neutralizing antibodies, leading to the establishment of protective immunity [7,
8].

There are two commercially available preventive HPV vaccines. Gardasil is a quadrivalent
HPV L1 VLP vaccine containing L1 VLP derived from HPV-6, 11, 16, and 18. It has been
shown to be extremely successful in protecting humans against infection with four of the most
clinically relevant HPV types, namely HPV-6 and 11 for benign genital warts and HPV-16 and
18 for cervical cancers. Gardasil has been shown to reduce the incidence of high-grade CIN
associated with HPV-16 and 18 [9] as well as HPV-related anogenital cancer [10]. Cervarix is
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another preventive HPV vaccine containing L1 VLP derived from HPV-16 and 18. The L1
VLP vaccine is administered in AS04 adjuvant (3-O-desacyl-4′-monophosphoryl lipid A and
aluminium hydroxide). Cervarix also offers partial cross-protection against HPV types 31 and
45, which are not included in the vaccine [11]. Both Gardasil and Cervarix are highly
immunogenic and are capable of generating high titers of neutralizing antibodies against L1
of the HPV types most frequently associated with cervical cancer, HPV-16 and 18 [10,12,
13]. These vaccines have demonstrated efficacy over a 5-year period [11,13].

Need for therapeutic HPV vaccines
While the preventive HPV vaccines represent a significant breakthrough in the control of
cervical cancer, there is a high prevalence of existing HPV infection worldwide. Over 80% of
cervical cancers occur in developing countries. Because of the high prevalence of existing HPV
infection and years required for the development of cervical cancer, preventive HPV vaccines
would need to be in widespread use for many years to reduce the number of HPV-associated
cervical cancer. However, the high cost of the current HPV vaccines represents a major hurdle
for implementation of HPV vaccines in developing countries, where screening programs are
minimal and need is significant. An effective therapeutic vaccine could have an immediate
impact on the mortality and morbidity of HPV-associated malignancies and its precursor
lesions. Thus, there remains an urgent need for the development of therapeutic HPV vaccines.

Choice of HPV antigens for therapeutic vaccination
In order to develop an effective therapeutic DNA vaccine, there needs to be suitable target
antigens against which an immune response may be mounted. Preventive HPV vaccines target
HPV capsid proteins L1 and L2 to induce neutralizing antibody production. However, after
primary HPV infection, the expression of L1 and L2 is undetectable in basal cell areas and in
HPV-associated malignancies [14]. Therefore, therapeutic HPV vaccines should target HPV
antigens constitutively expressed in HPV-associated malignancies and their precursor lesions.
HPV E6 and E7 represent ideal targets for therapeutic HPV vaccination due to several
properties. HPV E6 and E7 are tumor-specific antigens; they are present only on tumor cells
and not on normal cells. In addition, they represent completely foreign proteins and therefore
will not raise issues of immune tolerance. There is no risk of autoimmunity since they are not
self-proteins. Additionally, as mentioned previously, HPV E6 and E7 are essential in cellular
transformation and are constitutively expressed in malignant cells. Their crucial role in tumor
pathogenesis makes it difficult for them to be lost. Thus, E6 and E7 have been the most
commonly chosen target antigens in the development of therapeutic HPV vaccines (for review,
see [15]).

Different forms of therapeutic HPV vaccines
Many different vaccine platforms have been used in the development of therapeutic HPV
vaccines. These methods include peptide- or protein-based vaccines, live vector-based
vaccines, DNA- or RNA replicon-based vaccines, whole cell vaccines and combined
approaches. Each form has its own advantages and disadvantages. Peptide-based vaccines are
known to be well tolerated, stable and easy to manufacture on a large scale. However, antigenic
peptides delivered by these vaccines are restricted to a particular major histocompatibility
complex (MHC) class I phenotype expressed in an individual; peptide-based vaccines may not
necessarily be effective in all those who are immunized. Another issue for peptide-based
vaccines is their low immunogenicity. It is therefore necessary for peptide-based vaccines to
be administered with other immunomodulatory agents, such as Toll-like receptor (TLR)
ligands, cytokines and co-stimulatory molecules. In contrast to peptide-based vaccines,
protein-based vaccines circumvent the problem of being restricted to specific MHC class I
molecules as they contain a wide range of epitopes [16–18]. However, they are also poorly
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immunogenic and have been shown to bias the antigen-specific immune response toward
humoral rather than T cell immunity [19,20].

Live vector-based vaccines, on the other hand, are able to generate strong cell-mediated and
humoral immune responses [21–23]. Vectors such as adenoviruses and L. monocytogenes have
been modified to enable preparation of such vaccines. However, pre-existing host immunity
to such agents may potentially reduce effectiveness of live vector vaccines and limit the number
of possible repeated vaccinations in the same subject. Additionally, the intrinsic pathogenic
potential of viral and bacterial vectors may pose a risk should these vaccines be administered
to immunocompromised individuals.

Whole cell vaccines include dendritic cell-based and tumor cell-based vaccines. Dendritic cell-
based approach requires preparation of individual dendritic cells (DCs) pulsed with E6/E7
peptides, DNA or RNA encoding these peptides, or transfection with live vectors that carry
E6/E7. However, this approach is labor-intensive and may prove to be expensive if applied to
large-scale immunization programs. Tumor cell-based vaccines involve systemic
administration of whole tumor cells in order to aid in the recognition of HPV-associated tumor
antigens by the immune system. However, introducing new malignant cells into patients raise
safety concerns. Several HPV vaccines based on these strategies have been tested in early phase
clinical trials (for review, see [15]).

DNA vaccines
DNA vaccines have emerged as an attractive form of therapeutic HPV vaccines that display
promising potential in treating HPV-associated lesions. DNA vaccines have several advantages
over other forms of therapeutic HPV vaccines (Table 1). For example, compared to live vector-
based and tumor cell-based vaccines, they are relatively safe and can be administered
repeatedly to the same individual without losing efficacy. Since DNA vaccines do not elicit
anti-vector immune responses in the vaccinated patient, they are well suited for indications
likely to require multiple administrations in order to achieve and maintain target immune
responses. DNA vaccines are also stable, easy to prepare at high purity, and inexpensive in
terms of their storage and transportation [24,25]. The presence of full-length complementary
DNA provides multiple epitopes, thereby overcoming the limitation of MHC restriction
associated with peptide-based vaccines. Plasmid DNA itself contains unmethylated CpG
motifs that may act as potent immunological adjuvants. DNA vaccines are also able to provide
sustained release of antigenic proteins, thereby enhancing immunological memory.
Furthermore, they can be engineered to express HPV antigenic peptides or proteins and have
a variety of delivery methods, enabling DNA vaccines to deliver HPV antigens to the antigen-
presenting cells (APCs) and stimulate development of both CD4+ and CD8+ antigen–specific
T cell responses in vivo.

However, naked DNA suffers from insufficient intrinsic specificity for APCs and has a limited
ability to spread between cells in vivo. These factors limit the potency of HPV DNA vaccines.
Strategies to enhance therapeutic HPV DNA vaccines have focused on targeting DNA
encoding antigens to professional APCs to boost vaccine-induced immune responses.

Strategies to enhance therapeutic HPV DNA vaccine potency
Professional antigen-presenting cells, particularly DCs, are central players in the initiation of
the adaptive immune response. Thus, numerous efforts have been made to enhance the
immunogenicity of these vaccines by focusing on (1) increasing the number of dendritic cells
(DCs) transfected with HPV DNA plasmids (2) improving HPV antigen expression, processing
and presentation by DCs through MHC class I and II pathways, and (3) enhancing the ability
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of HPV DNA transfected DCs to prime E6/E7-specific T cells in order to generate therapeutic
effects against established HPV infections and HPV-associated lesions (Table 2).

Strategies to increase the number of HPV antigen-expressing/HPV antigen-loaded DCs
Strategies improving techniques of delivering HPV DNA vaccines for increased
antigen expression/antigen loading—Several strategies of HPV DNA vaccine delivery
have been developed to increase the number of antigen-expressing or antigen-loaded DCs.
These strategies include intradermal administration through gene gun, intradermal injection
followed by laser treatment, intramuscular injection, followed by electroporation and
intramuscular injection of microencapsulated vaccine (Fig. 2). Table 2 summarizes their
characteristics.

Intradermal administration of HPV DNA vaccines using gene gun: The gene gun is a
biolistic (contraction of biological and ballistic) device that enables delivered DNA to directly
transfect keratinocytes and epidermal Langerhans cells (immature dendritic cells). These
events stimulate DC maturation and migration to the local lymphoid tissue, where DCs prime
T cells for HPV antigen–specific immune responses. Gene gun is currently widely used in
many immunotherapeutic applications in preclinical studies. Traditionally, gene gun
technology is particle-mediated and involves using compressed helium to propel a stream of
gold particles coated with DNA into the skin, where Langerhans cells are located. The delivery
of HPV DNA vaccines by gene gun was shown to be the most dose-efficient method of vaccine
administration in comparison with routine intramuscular and biojector injection [26].
Therefore, intradermal administration of HPV DNA vaccines by gene gun has the potential for
increasing the effectiveness of these vaccines in humans.

More recently, gene gun has also been shown to be able to deliver non-carrier naked DNA
under a low-pressure system. It has been shown that non-carrier naked therapeutic HPV DNA
vaccine resulted in significantly less local skin damage than gold particle-coated DNA
vaccination and was also able to enhance HPV antigen–specific T cell immunity and antibody
response, as well as generate comparable antitumor effects as the gold particle-coated
therapeutic HPV DNA vaccine did [27].

Intramuscular administration of HPV DNA vaccines followed by electroporation to
increase number of antigen-loaded DCs: Electroporation represents another way of
increasing the number of HPV DNA–transfected cells and enhancing the magnitude of gene
expression, while reducing inter subject variability and requiring less time to reach a maximal
immune response compared to conventional intramuscular injection of the vaccine (for review,
see [28]). The technique increases cellular uptake of intramuscularly injected DNA through a
combination of a transient increase in permeability of plasma membranes generated by a small
electric current at the injection site and electrophoretic movement of negatively charged DNA
into the cells, thus allowing expression of DNA plasmid [29,30]. Additionally, electroporation
generates a local inflammatory state by recruiting cytokines and mononuclear cells to the site
of antigen production creating a favorable milieu for antigen presentation, establishment and
maintenance of the immune response to the vaccine. In a head-to-head comparison study of
the HPV DNA vaccine administered by different methods, electroporation has been shown to
elicit the highest number of E7-specific cytotoxic CD8+ T cells and greatest antitumor immune
response compared to intramuscular injection and intradermal gene gun delivery [31].
Furthermore, electroporation has been successfully used to administer several HPV DNA
vaccines to mice [32] as well as rhesus macaques [33], which has prompted its use in an ongoing
Phase I clinical trial of VGX-3100, a vaccine that includes plasmids targeting E6 and E7
proteins of both HPV subtypes 16 and 18, for treatment of patients with CIN 2 or 3 [34].
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Intradermal administration of HPV DNA vaccines followed by laser treatment: In vitro
studies have shown that laser beam can deliver a focused amount of energy onto a target cell,
modifying permeability of the cell membrane at the site of the impact by a local thermal effect.
This transient perturbation is sufficient to allow a gene present in the surrounding medium to
be transferred into the cell (for review, see [35]). The femtosecond infrared titanium sapphire
laser beam was developed specifically for enhancing in vivo gene delivery without risks of
tissue damage.

Intradermal administration of DNA vaccine followed by pulses of laser has been performed
successfully inducing antigen-specific CD4+ and CD8+ T cell immune response as well as
humoral immunity [36]. More recently, Tsen et al. found this novel technology to be an
effective method of enhancing the transfection efficiency of injected plasmids administered
intradermally [37]. Based upon a limited number of studies, this novel technology remains to
hold a high potential for therapeutic HPV DNA vaccine development.

Intramuscular administration of HPV DNA vaccines encapsulated by microparticles:
Another route of DNA vaccine delivery to APCs is facilitated by microencapsulation of
plasmid DNA, which encodes HPV E6/E7 antigenic proteins [38]. The capsule is formed from
polymeric microparticles of 1–2 µm in diameter consisting of Poly (D, L) Glycolic-Co-Lactic
Acid (PGLA), a biocompatible polymer used in a number of pharmaceutical products,
including sutures. These resulting microparticles have a greater propensity toward APC uptake
compared to naked DNA, and several types of APC are known to phagocytose particulate
matter in this micron to submicron-range [39]. This technique allows HPV DNA plasmid to
be condensed inside the microparticle. The physical and chemical properties of the PGLA
scaffold render DNA inaccessible to nuclease preventing degradation, allowing for a sustained
release of DNA and enhancing transfection efficiency in vitro [40]. In mice, microspheres
containing HPV plasmid encoding HPV E6/E7 antigens have been shown to elicit a strong
antigen-specific cytotoxic T cell response [39]. Using this technology, microencapsulated
DNA vaccine termed ZYC-101 encoding multiple HLA-A2 restricted HPV E7 epitopes has
undergone Phase I trials in patients with CIN2/3 lesions [41] and high-grade anal intraepithelial
neoplasia [39]. In both trials, intramuscularly administered vaccine was well tolerated, and in
some patients had resulted in histological regression of the lesions as well as generation of E7-
specific IFN-γ expressing T cells. A newer version of the DNA vaccine, ZYC-101a, which
encodes HPV-16 and HPV-18 E6- and E7-derived epitopes has been used in phase II clinical
trial in patients with CIN 2/3 lesions. This DNA vaccine has been shown to promote the
resolution of CIN 2/3 in most (70%) of the patients younger than 25 years compared to the
placebo group of the same age [42].

Other routes of administration with potential applications for HPV DNA vaccines include
intradermal vaccination by tattooing [43,44], skin patches to deliver DNA [45], microneedles
[46], prime-boost vaccination utilizing priming of DNA complexed with cationic block
copolymers and boosting with protein vaccine [47] (Table 3 and Table 4).

Strategies to increase intercellular spreading of HPV antigens to DCs—Once
naked DNA is introduced into the cell, it has a poor ability to spread the encoded antigen to
other APCs in vivo. In order to enhance the spreading of antigen encoded by DNA vaccine, it
is possible to link the antigen of interest to a protein capable of intercellular transport in the
context of DNA vaccines. One such protein is herpes simplex virus type 1 (HSV-1) tegument
protein, VP22. It is a transporter protein required for the pathogenesis of HSV-1 infection,
importing HSV genome from one cell to its neighboring cells [48].

The significance of VP22 in intercellular spreading has been demonstrated through in vitro
studies linking VP22 to p53 [49], thymidine kinase [50], cytosine deaminase [51] and Green
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Fluorescent Protein (GFP) [48]. The proteins were observed to be distributed to nuclei of
surrounding cells. Concerns have been raised regarding the validity of results from these in
vitro studies and attributing them to fixation artifacts [52]. Although this remains to be a
controversial issue, Kim et al. have shown that in vivo transfection of mice with a fusion gene
coding for HPV-16 E7 DNA and VP22 resulted in an increased number of E7-expressing DCs
in the lymph nodes, thus priming more CD8+ T cells via MHC class I pathway [53].
Vaccination with DNA encoding E7 linked to VP22 was also shown to elicit enhanced E7-
specific memory CD8+ T lymphocytes and enhanced antitumor effects against E7-expressing
tumor cells [54]. Furthermore, VP22 has been used for HPV DNA vaccines targeting the E6
protein [55]. Bovine Herpesvirus VP22 (BVP22) and Marek’s disease virus VP22 (MVP-1)
are both closely related by their structural homology to HSV-1 VP22 and may also have a
significant role in intercellular spreading. Hung et al. have demonstrated that mice vaccinated
with DNA encoding MVP22/E7 displayed significantly increased numbers of IFN-γ-secreting,
E7-specific CD8+ T cell precursors compared to mice vaccinated with wild-type E7 DNA
alone, which directly lead to a stronger tumor prevention response [56]. Similarly,
immunization of mice [57] and cattle [58] with DNA vaccine coding for BVP22 linked to BVP-
truncated glycoprotein D (tgD) was shown to generate a stronger tgD-specific immune
response compared to animals vaccinated with tgD alone. Taken together, DNA vaccine
encoding VP22 linked to antigens represents a promising approach to enhance DNA vaccine
potency.

Strategies targeting Ag directly to DCs by means of linking Ag to molecules that
bind directly to DCs—Another strategy to improve the potency of DNA vaccines is to
engineer DNA encoding antigens linked to molecules that preferentially bind to dendritic cells.
Molecules commonly employed in this strategy are DC receptor ligands. For example, Flt3 is
a murine tyrosine kinase receptor expressed by DCs [59]. Flt3 Ligand (FL) was shown to have
a potent growth stimulatory effect on DC precursors in vivo [60]. An HPV DNA vaccine
encoding a recombinant chimera consisting of extracellular domain of FL linked to HPV-16
E7 has been shown to generate significantly higher levels of E7-specific cytotoxic immunity
against E7-expressing tumors and reduce the size of established pulmonary metastases
compared to wild-type E7 DNA [61]. This cytotoxic response was shown to significantly
supercede the one generated by HPV E7 DNA vaccine alone.

Another molecule that is able to target antigen to DCs is HSP70. HSP70 is a chaperone protein
capable of binding to scavenger receptor CD91 on the surface of DCs (for review, see [62]).
Thus, linking HPV antigens to HSP70 may enable them to be targeted to DCs. The HPV antigen
linked to HSP70 was shown to enter the cross-presentation pathway to be presented in the
context of MHC I and prime CD8+ T cells [63]. Furthermore, when HSP70/E7 DNA vaccine
construct was administered to mice, the CD8+ T cell immune response was shown to be
independent of CD4+ T cell help. Additionally, HSP70 has been shown to activate the innate
immune system, such as TLR 2 and TLR 4, which in turn could provide further signals for DC
maturation (for review, see [64]) and result in more effective antigen cross-presentation. These
features make HSP70 a potential tool in enhancing HPV DNA vaccine potency. DNA vaccine
encoding a signal sequence linked to an attenuated form of HPV-16 E7 (with a mutation that
bolishes the Rb binding site; E7(detox)) and fused to HSP70 (Sig/E7(detox)/HSP70) has been
tested in Phase I clinical trials [65]. The vaccine was well tolerated in patients with CIN 2 and
3 lesions. Another Phase I trial using the same DNA vaccine (Sig/E7(detox)/HSP70) has been
tested in HPV-16+ patients with advanced head and neck squamous cell carcinoma (M Gillison,
personal communication). Additionally, a clinical trial employing a DNA vaccine encoding
Sig/E7/ HSP70 boosted with recombinant vaccinia virus encoding HPV-16/18 E6/E7 fusion
protein (TA-HPV) with or without imiquimod is in progress in patients with CIN III lesions
[66].
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Employing strategies to enhance the release of Ag into the DC milieu
IM co-administration of DNA encoding xenogenic MHC I with DNA vaccine increases
cross-presentation in DCs: Intramuscular (IM) injection of DNA vaccines can generate
antigen-specific immune responses predominantly through cross-priming mechanisms
because muscle is not a professional APC. Cross-presentation involves the uptake, processing
and presentation of extracellular antigens by MHC class I molecules to CD8+ T cells for
antigen-specific T cell immune responses. It has been shown that DCs can be recruited to the
local tissues for cross-presentation of CD8+ T cells [67]. Based on this understanding, Kang
et al. have recently demonstrated an innovative strategy to enhance therapeutic HPV DNA
vaccine potency by co-administration of an HPV DNA vaccine with DNA encoding xenogenic
MHC class I molecules through intramuscular injection. This combination of DNA vaccine
with DNA encoding xenogenic MHC I was shown to enhance E7-specific CD8+ T cell immune
responses and antitumor effects against E7-expressing tumors in tumor-bearing mice [68].
Kang et al. also found that this strategy led to an increase in the number of infiltrating CD8+
T lymphocytes and activated APCs at the injection site. It is possible that the degree of local
inflammation led to recruitment of APCs to the injection site, increasing the rate of apoptosis,
leading to increased release of antigen into the DC milieu and cross-priming in local muscle
tissue, subsequently leading to a greater number of primed antigen-specific CD8+ T cells in
vaccinated mice. These data suggests that the IM co-administration of a xenogeneic MHC class
I molecule with HPV DNA vaccine can enhance antigen-specific immune responses through
the enhancement of cross presentation in DCs.

Enhanced release of HPV antigen from tumor cells pre-treated with chemo/radiotherapy:
Chemotherapeutic agents and radiation can potentially induce apoptosis of tumor cells, leading
to the release of HPV-E6/E7 antigen into circulation for uptake into DCs to cross-prime CD8
+ T cells and increasing the frequency of HPV E6/E7-specific CD8+ T cells, which can
significantly enhance the antigen-specific immune responses generated by the HPV DNA
vaccine. Previously, it has been shown that E7-expressing tumor-bearing mice pretreated with
various chemotherapeutic agents such as cisplatin [69] and bortezomib [70] enhanced E7-
specific CD8+ T cell immune response induced by HPV E7 DNA vaccination. Kang et al. have
demonstrated a similar effect when using epigallocatechin-3-gallate (EGCG), a compound
derived from green tea, which in turn induces tumor cell apoptosis in a dose-dependent manner
[71]. The combination of oral treatment of EGCG with HPV E7 DNA vaccine administered
via gene gun led to the production of greater E7-specific CD8+ immune responses and anti-
tumor effects than either chemotherapy or immunotherapy alone. Recently, Chuang et al. have
used apigenin, another flavenoid chemotherapeutic compound shown to have lower intrinsic
toxicity than EGCG to enhance therapeutic HPV DNA vaccine potency [72]. They showed
that treatment with apigenin rendered E7-expressing tumor cells more susceptible to the killing
mediated by E7-specific CD8+ cytotoxic T lymphocytes. Furthermore, when used in mice, this
approach generated the highest frequency of primary and memory E7-specific CD8+ T cells
compared to the controls, which in turn led to enhanced anti-tumor effects against E7-
expressing tumors. Other techniques which increase the rate of tumor cell apoptosis, such as
death receptor 5 monoclonal antibody [73] and low-dose radiation [74] have been used in
combination with therapeutic HPV DNA vaccines and have also enhanced HPV antigen-
specific cytotoxic T cell immunity against E7-expressing tumors. Taken together, these results
demonstrate that treatment of tumor-bearing mice combined with chemotherapeutic agents or
radiotherapy that are capable of increasing the rate of tumor cell apoptosis may enhance the
potency of therapeutic HPV DNA vaccines.
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Strategies to improve HPV antigen expression, processing and presentation in dendritic
cells

Enhancing the level of antigen expression in transfected DCs through codon
optimization and use of demethylating agents
Codon optimization: In order to enhance translation of genes coding for HPV antigens in cells
transfected by HPV DNA vaccines, codon optimization has been used. Cell lines transfected
with wild-type HPV-16 E6 DNA have been shown to have a low level of E6 protein expression,
which may signify that natural E6 gene sequence is poorly recognized by cellular translational
machinery [75,76]. This phenomenon results from the selection pressure imposed on HPV that
has probably caused the virus to retain a unique pattern of codon usage distinct from that of
their host cells [5]. This in turn compromises excessive viral early protein expression, enabling
the virus to evade the immune system [77]. Transfection with codon optimized versions of the
E6 [76] and/or E7 DNA [32,77,78] strongly enhanced E6 and/or E7 protein expression,
improving translation of HPV DNA vaccines in DCs and provoking enhanced antigen-specific
CD8+ T cell immune responses in vaccinated mice.

Employing demethylating agents: Employment of demethylating agents may enhance
therapeutic HPV DNA vaccine potency by enhancing the level of expression of antigen
encoded in the DNA vaccine. Methylated CpG motifs located in the CMV promoter regions
of DNA have been previously shown to silence gene expression [79]. Since CMV promoter is
used in the majority of expression vectors of DNA vaccines, this silencing is likely to have a
negative impact on the potency of these vaccines by reducing the level of target antigen
produced by the host. Thus, reducing the level of methylation in the HPV DNA construct may
represent a way of overcoming this problem. Demethylating agents such as nucleoside
analogue 5-aza-2′-deoxycystidine (DAC) have been shown to inhibit DNA methyltransferase,
which resulted in reactivation of methylation-silenced genes [80]. Employing DAC in the
context of a DNA vaccine encoding calreticulin linked to HPV 16-E7 (CRT/E7) led to the
upregulation of CRT/E7 expression and an enhanced E-7 specific CD8+ T cell immune
response generated by HPV DNA vaccine in vaccinated mice [81]. Therefore, pre-treatment
of HPV DNA vaccines with DAC represents another promising approach to enhancing the
DNA vaccine potency.

Strategy to enhance transcription of MHC I and MHC II—MHC CIITA is a known
master regulator for MHC II expression. It has also been demonstrated that MHC CIITA
upregulates the expression of MHC I molecules on the surface of DC. Therefore, co-
administration of CIITA with HPV DNA vaccines represents a potential strategy to enhance
antigen presentation through both MHC class I and MHC class II pathways. Kim et al. have
shown that this strategy was able to potentiate a stronger anti-tumor CD4+ and CD8+ T cell
immune responses, prolonging the survival of mice better than the vaccine given without DNA
encoding CIITA [82]. Thus, this innovative strategy to increase MHC class I and II expression
can potentially be used in the design of a more potent HPV DNA vaccine.

Strategy to enhance antigen processing through MHC class I pathway—
Understanding of HPV antigen processing and presentation pathway has created opportunities
to design new strategies for enhancing HPV DNA potency (Fig. 3). Antigen processing and
presentation by the MHC class I pathway is crucial in the priming of antigen-specific CD8+
T cells for antigen-specific killing and antitumor effects. Various strategies have been designed
to enhance MHC class I presentation of HPV antigens. Particularly, HPV antigens have been
linked to proteins that target antigen for proteasomal degradation, entry into endoplasmic
reticulum or for cross-presentation.
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Targeting Ag for proteasomal degradation—The rate of antigen degradation by the
ubiquitin–proteasome pathway has been shown to influence MHC class I presentation [83].
Therefore, HPV antigens have been linked to various molecules that directly increase this rate
and amplify the amount of antigen processed and presented to CD8+ cells through MHC class
I. These molecules include potato virus × coat protein sequence, y-tubulin and ubiquitin (Fig
3). Massa et al. have demonstrated that fusion of HPV-16 E7 DNA with a gene encoding potato
virus × coat protein sequence resulted in increased instability of the expressed product and
faster degradation via the proteasome [84]. This fusion vaccine also inhibited growth of E7-
expressing tumors in vivo better than DNA vaccine alone and demonstrated enhanced levels
of humoral and cell-mediated immune responses. Another molecule that could potentially
target antigens to the proteasome is the γ-tubulin. The centrosome is a peri-nuclear organelle
that has been shown to contain a high density of proteasomes. Several molecules of interest
are located in the centrosome, including γ-tubulin. Therefore, Hung et al. have created a DNA
vaccine encoding HPV-16 E7 linked to γ-tubulin. Cells transfected with this DNA construct
target E7 to centrosome for proteasomal degradation in the centrosomes. They have shown
that this approach resulted in enhanced MHC I presentation of E7 antigen and a more potent
anti-tumor response independent of CD4+ T cell help [85].

Targeting antigen to the endoplasmic reticulum: Endoplasmic reticulum is an important
focus for MHC class I presentation. DNA vaccine encoding HPV E6/E7 antigen linked to
molecules targeting endoplasmic reticulum has been shown to improve MHC class I
presentation of E6/E7 antigens [86]. One of those kinds of molecules is calreticulin (CRT), a
‘polypeptide chaperone’ molecule located within the ER which interacts with peptide folding
in the context of MHC class I heavy chain. Vaccinating mice with CRT/E7 DNA has been
shown to significantly increase E7-specific CD8+ T cell precursors and exhibit an impressive
antitumor effect in E7-expressing tumors compared to mice vaccinated with wild-type E7 DNA
or CRT DNA [87]. Furthermore, in a head-to-head comparison of HPV-16 E7 DNA vaccines
employing intracellular targeting strategies, Kim et al. found that a DNA vaccine encoding
CRT/E7 generated the greatest E7-specific CD8+ T cell immune responses and antitumor
effects against E7-expressing tumors in vaccinated mice [88]. DNA vaccines encoding CRT
linked to other HPV antigens have been reported including E6 and E6/E7/L2 fusion proteins
[55,89]. The linkage of antigen to proteins that target the antigen processing and presentation
pathway represents an innovative strategy to enhance therapeutic HPV DNA vaccine potency,
with significant clinical applications.

Targeting antigen for cross-presentation: HPV DNA constructs involve the linkage of HPV
E7 to various proteins including HSP 70, GP96, and domain II of P. Aeruginosa [90] have
been shown to result in enhanced E7-specific CD8+ T cell immune response. It is believed that
these proteins stimulate antigen processing through the cross-presentation pathway by inducing
its translocation from the endosomal/lysosomal compartments of DCs to the cytoplasm,
resulting in enhanced MHC class I presentation of HPV antigens.

Enhancing antigen processing through MHC class II pathway—CD4+ T helper
cells play an important role in providing auxiliary signals for the activation of antigen-specific
CD8+ immune response against cervical cancer [91] and generation of long-term immunity
[92]. In order to enhance presentation of antigens encoded by DNA vaccines to the CD4+ T
helper cells, strategies have been developed to enhance antigen processing by the MHC class
II pathway. For example, Wu et al. have developed a novel DNA vaccine encoding HPV-16
E7 protein linked to the sorting signal of lysosomal-associated membrane protein type 1
(LAMP-1) [93]. Cells transfected with this DNA construct have been shown to reroute E7
antigen from cytoplasmic/nuclear localization to cellular endosomal/lysosomal compartments,
enabling a more efficient presentation of E7 in the context of MHC class II pathway (Fig 4).
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Mice vaccinated with E7/LAMP-1 generated greater E7-specific CD4+ and CD8+ effector
cells compared to those vaccinated with DNA vaccine encoding wild-type E7 alone [94].

Bypassing antigen processing by MHC class I pathway by linking HPV antigens
to MHC class I single chain trimer to generate stable antigen presentation in DC
—Novel single chain trimer (SCT) technology allows HPV antigen to bypass antigen
processing and presentation through the MHC class I pathway. This technology involves the
linkage of the genes encoding E6 antigenic peptide linked to β2 microglobulin and MHC I
heavy chain in order to produce a stable single-chain construct encoding antigenic peptide
fused to an MHC class I molecule. This approach may allow for a more stable MHC class I
presentation of E6 on the surface of DCs. DNA vaccine coding for the HPV-16 E6 CTL epitope
linked to the SCT genes (β2 microglobulin and H-2 Kb MHC class I heavy chain) has been
shown to produce a greater E6-specific CD8+ T cell immune response in vaccinated mice than
wild-type HPV-16 E6 DNA [95]. Furthermore, mice vaccinated with E6 SCT DNA vaccine
exhibited complete protection against a lethal challenge of E6-expressing tumor cells, while
all mice administered wild-type E6 DNA developed tumors.

Strategies to enhance DC function and interaction with T cells
Strategies to prolong DC and T cell survival in order to enhance T cell priming
and activation
Strategy to prolong DC survival: DC cells become potential targets of T cell–mediated
apoptosis after T cell priming. In order to prolong survival of DCs transfected with DNA
vaccine, strategies have focused on co-administration of DNA vaccine with anti-apoptotic
proteins such as Bcl-xL, Bcl-2, X-linked inhibitor of apoptosis protein and dominant negative
mutants (dn) of caspase-9, dn caspase-8 [96] and connective tissue growth factor [97].
However, co-administration of HPV DNA vaccines with DNA encoding anti-apoptotic
molecules may not be a suitable option for clinical trials as this raises safety concerns for
possible cellular transformations. Thus, Kim et al. have employed small interfering RNA
(siRNA), to co-administer with HPV DNA vaccine, as an effective mode of transiently
silencing gene expression of pro-apoptotic proteins Bak and Bax in transfected DCs in order
to alleviate these concerns of oncogenicity [98]. As a result, administration of the DNA vaccine
encoding HPV-16 E7 with siRNA targeting Bak and Bax has prolonged the life of DCs in the
draining lymph nodes, stimulating stronger E7-specific CD8+ T cell responses and eliciting
more potent antitumor effects relative to the mice given HPV-16 E7 DNA alone. Thus, these
data indicate that using siRNA to target key pro-apoptotic molecules in combination with HPV
DNA vaccines may effectively prolong DC survival and improve therapeutic HPV DNA
vaccine potency.

Strategy to prolong T cell survival: Another approach to increase the number of activated T
cells is to prohibit apoptotic signals to T cells. It is known that DCs produce Fas Ligand (FasL),
which induces apoptosis of naive T cells at the immunological synapse during antigen
presentation. This interaction is enabled by FasL binding to Fas, a cognate death receptor
expressed by the T cells. Huang et al. showed that by blocking FasL on the HPV-16 E7 peptide-
loaded DCs has reduced the apoptosis of E7-specific CD8+ T cells [99]. Thus, in order to
augment antigen-specific CD8+ T cell response to HPV-16 E7 they have co-administered a
therapeutic HPV DNA vaccine construct with DNA coding for short hairpin RNA (shRNA)
targeting FasL. This approach has generated a much stronger E7-specific CD8+ T cell response
in mice in comparison with HPV DNA vaccine alone and resulted in a more potent cytotoxic
response against E7-expressing tumors. Therefore, HPV DNA vaccine potency may be
enhanced through anti-apoptotic signals to APCs as well as inhibition of apoptosis in T cells.
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Priming CD4+ T helper cells to enhance DC and T cell interaction—CD4+ T cells
are known to provide help to activate primed CD8+ T cells. Recently, Hung et al. have
developed a technique to enhance CD4+ T cell activation by engineering MHC class II-
associated invariant chain (Ii) [100]. A region of the invariant chain known as CLIP (Class II-
associated peptide) prevents premature binding of the antigenic peptide to the MHC class II
molecules by occupying their peptide-binding groove (for review, see [101]). CLIP is replaced
by the peptide sequence only when the MHC class II molecules are located in the endosomal/
lysosomal compartments. Hung et al. have substituted CLIP with Pan-DR helper T lymphocyte
epitope (PADRE) in the invariant chain (Ii-PADRE), which enabled MHC class II molecules
to present this epitope more efficiently on the surface of DC cells for activation of a strong
PADRE-specific CD4+ T cell immune response (Fig. 4). Mice vaccinated with HPV-16 E7
DNA in conjunction with DNA coding for Ii-PADRE have shown to generate significantly
greater E7-specific CD8+ T cell response compared to those immunized with E7 DNA in
conjunction with DNA coding for unmodified Ii [100]. Furthermore, Kim et al. have shown
that CD4+ T cells activated by PADRE are able to secrete IL-2, a cytokine known to potentiate
activation of the neighboring CD8+ T cells [102]. Therefore, this suggests a prominent role
for CD4+ T helper cells when developing methods to enhance the potency of HPV DNA
vaccines. Indeed, Kim et al. have promoted the use of Ii-PADRE DNA in combination with
strategies to enhance DC life and various intracellular targeting strategies to further enhance
antigen-specific CD8+ T cell immune responses generated by HPV DNA vaccine [103]. It has
also been demonstrated that coadministration of Ii-PADRE DNA with CRT/E6 DNA
vaccination in mice pretreated with doxorubicin reversed doxorubicin-mediated
immunosuppression of antigen-specific immune responses, leading to enhanced antitumor
effects and prolonged survival in tumor-bearing mice [104].

Strategies employing cytokines and co-stimulatory signals to enhance T cell
and DC activation—Dendritic cells are able to provide the following three signals that are
crucial in T cell priming: (1) Interaction of an appropriate peptide-MHC complex with TCR
(2) co-stimulation of T cell receptors by molecules such as B7 and (3) provision of a favorable
cytokine milieu for T cell proliferation and survival. For example, co-administration of HPV
DNA vaccines with DNA encoding codon-optimized cytokines, including IL-2 and IL-12 have
been shown to enhance antigen-specific cytotoxic T cell–mediated immune responses [105].

Strategies to promote DC activation and expansion—Dendritic cell activation is a
vital pre-requisite to T cell priming. Provision of appropriate immunomodulatory signals to
DCs in order to enhance this process thus represents a potential target which can be exploited
in the development of strategies to increase potency of HPV DNA vaccines.

Membrane-associated and intracellular Toll-like receptors play an important role in controlling
the innate and adaptive arms of immune response (for review, see [106]). Activation of various
TLRs on DCs has been shown to induce maturation signals [107]. This provides a rationale
for the future use of TLR ligands as adjuvants of HPV DNA vaccines. CpG motifs are bacterial-
derived immunostimulatory gene sequences that serve as ligands for the activation of DCs
through TLR9 and are able to further upregulate expression of the TLR9 transcript [108].
Transfection of DCs with HPV DNA encoding plasmids that contain high numbers of CpG
motifs may thus promote more effective DC maturation signals and enhance DNA vaccine
potency [109]. Other TLR ligands may also be useful for enhancing HPV DNA vaccine potency
through their actions on DC TLRs.

An alternative way to promote activation of DCs is to block molecules that naturally
downregulate the activation of DCs. It is known that SOCS-1 inhibits signaling through Jak-
STAT pathway inducing suppression of DC function (for review, see [110]). Therefore, by
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using siRNA technique to target and inactivate SOCS-1 in DCs could potentially enhance CD8
+ immune response elicited by the HPV DNA vaccines in the future [111].

Strategies to eliminate immunosuppressive regulatory T cells in order to
improve T cell priming—Regulatory T cells (Treg) are known to limit effector immune
responses against malignancies by inhibiting DC and CD8+ T cell responses (for review, see
[112]). Increased number of Treg cells found within HPV-cervical lesions and lymph nodes of
women with CIN and cervical cancer may prevent immune clearance of oncogenic HPV
infection and promote viral persistence [43,113,114]. Therefore, eliminating Treg cells may
potentially enhance magnitude of HPV-specific immune responses induced by the DNA
vaccines and reverse tolerogenic state of the immune system caused by HPV. Several agents
including administration of cyclophosphamide, Cimetidine, COX-2 inhibitors and Foxp3-
transfected DC have been used to deplete Treg cells [115,116]. These agents used in vivo in
conjunction with DNA vaccines have been shown to result in enhancement in antigen-specific
CD8+ T cell responses and anti-tumor effects. Recently, Chuang et al. have successfully used
anti-CD25 monoclonal antibody to deplete Treg cells in cervical cancer mouse model, enabling
a more potent CTL-mediated response to the HSP70/E7 DNA fusion vaccine [117]. Thus, this
novel approach represents a valuable strategy to be used in the development of a more
efficacious therapeutic HPV DNA vaccine.

Conclusion
While considerable progress has been made in the development of preventive HPV vaccines
with the commercialization of Gardasil and Cervarix, the existing population of those afflicted
with HPV-associated malignances and precursor lesions underscores the need for advances in
the field of therapeutic HPV vaccines. We have discussed several strategies involving the
modification of dendritic cells to enhance therapeutic HPV DNA vaccine potency by increasing
the number of antigen-expressing/antigen-loaded DCs, improving antigen expression,
processing and presentation in DCs and enhancing DC and T cell interaction. Increased
understanding of dendritic cell biology will lead to the further development of innovative
strategies to optimize vaccine-elicited T-cell immune responses.

The availability of different forms of therapeutic HPV vaccines creates opportunities for prime-
boost regimens to further enhance therapeutic HPV DNA vaccine potency. Studies have shown
that priming with a HPV-16 E6/E7 DNA vaccine followed by boosting with recombinant
vaccinia [118] or adenovirus [119] or with the HPV-16 E6/E7 expressing tumor cell-based
vaccine [120] elicited greater HPV antigen-specific CD8+ T cell immune responses in
vaccinated mice compared to vaccination with DNA vaccine, viral vector vaccine or tumor
cell-based vaccine alone. More recently, a clinical trial using pNGVL4a/ Sig/E7(detox)/HSP70
DNA prime followed by TA-HPV boost is currently underway in patients with CIN 2/3 lesions,
evaluating whether or not the topical application of imiquimod can further enhance prime-
boost administration [66]. In general, the promising preclinical data for therapeutic HPV DNA
vaccine development has led to several early phase clinical trials. Continuing progress into
advanced phases of clinical trials is crucial for the success of the therapeutic HPV DNA
vaccine.

It is important to consider the use of immunomodulatory agents in combination with therapeutic
HPV DNA vaccines, since there are many factors within the tumor microenvironment that may
hinder the success of effective immune therapies. For example, Treg cells can release immune
suppressive cytokines such as IL-10 and TGF-β, which can inhibit T cell function. The
depletion of Treg in the tumor microenvironment has been shown to significantly enhance
therapeutic HPV vaccine potency [117]. Other factors contributing to tumor immune
suppression in tumor microenvironment include B7 homolog-1 (B7-H1), signal transducer and
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activator of transcription 3 (STAT3), MHC class I polypeptide-related sequence (MIC)-A and
B, indoleamine 2,3-dioxygenase (IDO) enzyme, and galectin-1. These factors may serve as
potential targets for immune modulation to enhance therapeutic HPV vaccine potency (for
review, see [121]). Further study into the tumor microenvironment and molecular mechanisms
impeding immune attack against HPV will lead to novel targets for therapeutic intervention in
the future.

Therapeutic HPV vaccines may potentially be combined with other therapeutic modalities,
such as chemotherapy and radiation therapy to augment the therapeutic vaccine effects.
Chemotherapeutic agents such as cisplatin [69], bortezomib [70], epigallocatechin-3-gallate
[71] and apigenin [72] have been shown to render E7-expressing tumor cells more susceptible
to lysis by E7-specific cytotoxic T lymphocytes. Low-dose radiotherapy has also been
combined with therapeutic HPV DNA vaccine for the control of E7-expressing tumor in a
preclinical model and significantly enhanced therapeutic antitumor effects generated by HPV
DNA vaccine [74]. Hence, the use of combined therapies such as prime-boost regimens,
immunomodulatory agents and chemotherapy/radiation therapy will allow HPV vaccines to
be used in a synergistic manner in the future. Continuing progress in these endeavors may allow
for the eventual control of HPV-associated malignancies.
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Fig. 1.
HPV vaccination. Vaccination can be categorized into two categories: preventive and
therapeutic vaccination. Preventive HPV vaccines focus on the humoral immunity. Preventive
HPV vaccines deliver HPV virus-like particles (VLPs) encoding L1 and/or L2 viral capsid
proteins. B cells bind to the HPV VLPs and are activated by TH2 (differentiated CD4+ T helper
cells) to become plasma cells, which secrete antibodies. These neutralizing antibodies block
primary HPV infection, inducing protection against HPV. Therapeutic HPV vaccination
focuses more on cell-mediated immunity. Cell-mediated immunity involves the interaction
between professional antigen-presenting cells, particularly dendritic cells and T cells. Dendritic
cells present the MHC:peptide complex to T cells and prime naїve T cells to become effector
CD4+ T cells, if presented via MHC class II, or effector CD8+ T cells, if presented via MHC
class I. These effector T cells mediate therapeutic effects, with effector CD8+ T cells, also
known as cytotoxic T lymphocytes (CTL) mediating antigen-specific killing of tumor cells,
and effector CD4+ T cells differentiating into T helper cells to either augment CTL immune
response or activate B cells to make antibodies
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Fig. 2.
Routes of administration for therapeutic HPV DNA vaccines. There are several routes of
administration currently used for HPV DNA vaccines. They focus on enhancing antigen uptake
by dendritic cells (DCs), leading to priming of CD4+ and CD8+ T cells for an enhanced immune
response. 1 Gene gun is a ballistic device that delivers gold particles coated with HPV DNA
directly to Langerhans cells, which are immature DCs located under the skin. 2 Intradermal
administration of HPV DNA followed by laser enhances DNA uptake into DCs. 3
Intramuscular injection with encapsulated microparticles containing HPV DNA potentiates
uptake of the vaccine by DCs. 4 Intramuscular injection of naked DNA vaccine followed by
electroporation enhances antigen expression by the muscle cells and generates a local
inflammatory response, favoring antigen uptake by DCs
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Fig. 3.
Strategies to enhance antigen processing and presentation through MHC class I and II
pathways. There are a variety of strategies to enhance DNA vaccine potency through enhancing
antigen processing and presentation. These include enhancing the transcription of MHC class
I and MHC class II molecules, enhancing or bypassing antigen processing through MHC I
pathway and enhancing antigen processing and presentation through MHC II pathway
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Fig. 4.
Employment of modified MHC class II–associated invariant chain for improving class II
presentation of antigen in dendritic cells. In the endoplasmic reticulum, the major
histocompatibility complex (MHC) class II–associated invariant chain (Ii) binds with MHC
class II molecules and the class II-associated peptide (CLIP) region of Ii occupies the peptide-
binding groove of the MHC molecule, preventing premature binding of antigenic peptides into
the groove. In the endosomal/lysosomal compartments, HLA-DM facilitates the release of
CLIP and CLIP is replaced by a peptide antigen. The MHC class II molecule/antigenic peptide
complex is then presented on the cell surface. By replacing the CLIP region of Ii with a CD4
+ T-helper epitope such as the pan human leukocyte antigen (HLA)-DR-binding epitope
(PADRE), PADRE can be presented efficiently through the MHC class II pathway in dendritic
cells for the stimulation of PADRE-specific CD4+ T cells. This vaccine, termed Ii-PADRE,
has been shown to generate significantly greater T-cell immune responses compared to
vaccination with DNA encoding unmodified Ii
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Table 1

Advantages of DNA vaccination

Advantage Attributes

Design Optimization of plasmids through codon and RNA structure changes

Can generate effective cytotoxic T lymphocyte and antibody responses

Can be engineered to express tumor antigenic peptides or proteins

Enables prolonged expression of antigens and enhancement of immunologic memory

Safety Unable to revert into virulent forms, unlike live vector–based vaccines

Capacity for repeated administration safely and effectively

No significant adverse events in any clinical trial

Stability Temperature-stable

Long shelf life

Manufacture Suitable for large scale production at high purity

Rapid production and formulation

Easy to store and transport
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Table 2

Potential strategies to enhance therapeutic HPV DNA vaccine potency

Strategies Approach Reference

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

[1] Routes of administration (a) Intradermal administration via gene gun [26,27,55]

(b) Intramuscular injection followed by
electroporation

[29–33]

(c) Intradermal injection followed by laser
treatment

[36,37]

(d) Intramuscular injection of DNA vaccine
encapsulated by microparticles

[39,40]

[2] Increasing intercellular spreading
of HPV antigens to DCs

(a) VP22 [48–55]

(b) MVP22 [56]

(c) BVP22 [57,58]

[3] Targeting Ag directly to DCs by
linking Ag to DC-binding
molecules

(a) Flt3 Ligand [60,61]

(b) HSP70 [63]

[4] Enhancing the release of Ag into
the DC milieu

(a) IM-coadministration of DNA encoding
xenogenic MHC I with DNA vaccine increases
cross-presentation in DCs

[67]

(b) Enhanced release of HPV antigen from tumor
cells pre-treated with chemo-radiotherapy

[69–74]

Improving HPV antigen expression, processing and presentation in dendritic cells

[1] Enhancing the level of antigen
expression in transfected DCs

(a) Codon optimization [32,76–78]

(b) Employing demethylating agents [80,81]

[2] Enhancing transcription of MHCI
and MHC II

Co-administration of DNA encoding CIITA
    with HPV DNA

[82]

[3] Enhancing antigen processing
through MHC I pathway

(a) Targeting Ag for proteasomal degradation [84,85]

(b) Targeting antigen to endoplasmic reticulum [87–89]

(c) Targeting antigen for cross-presentation [90]

[4] Enhancing antigen processing
through MHC II pathway

Linking HPV antigens to LAMP-1 to target
    antigen
to the endosomal/lysosomal compartment

[93,94]

[5] Bypassing antigen processing
by MHC I pathway

Linking HPV antigens to MHC I single chain
    trimer to generate stable antigen presentation in
    DC

[95]

Strategies to enhance DC function and interaction with T cells

[1] Prolonging DC and T cell survival
to enhance T cell priming and
activation

(a) Strategy to prolong DC survival [96–98]

(b) Strategy to prolong T cell survival [99]

[2] Priming CD4+ T helper cells to enhance DC and T cell interaction [100,102]

[3] Employing cytokines and co-stimulatory signals to enhance T cell and DC activation [25,105]

[4] Promoting DC activation and expansion [107–109,111]

[5] Eliminating immunosuppressive Treg to improve T cell priming [115–117]
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TABLE 3

Routes of administration for therapeutic HPV DNA vaccine development

Route of administration Principle Material Advantages Disadvantages

Intramuscular injection via
    hypodermic needle

Manual injection into
muscle

Hypodermic needle • Traditional approach

• Easily administered

• Cheap

• Risk for
needle-stick

• Requires large
amounts of
DNA to elicit
immune
response

Intramuscular administration
    via microencapsulation of
    plasmid DNA

Biodegradable
polymer to
encapsulate DNA

Polyglycolic-lactic
    acid microparticles,
    needle

• Allows for sustained
release of DNA

• Microparticle
resistant to nucleic
degradation

• Microparticles have
greater propensity
toward APC uptake
compared to naked
DNA

• Risk for
needle-stick

• Stability of
particles

Intramuscular administration
    via electroporation

Electric field-induced
cell
    membrane
permeabilization
    and electrophoretic
    mobilityof DNA
into cells

Electrodes and pulse
    generator, needle

• High efficiency

• Generate local
inflammatory state
by recruiting
cytokines and
leukocytes to site of
injection

• Elicit stronger CD8+
T cell immune
response compared
to intramuscular
injection

• Requires less amount
of DNA compared to
IM injection

• Risk of tissue
damage

• Pain

• Technically
demanding

• Risk for
needle-stick

Intradermal administration
    via gene gun

High-velocity particle
    bombardment

Gene gun, gold beads
    coated with DNA

• Enables direct
transfection of
epidermal
Langerhans cells by
naked DNA

• Most dose-efficient
method

• Risk of tissue
damage

• Expensive

Low-pressured
delivery of
    noncarrier naked
DNA
vaccine

Gene gun, noncarrier
naked DNA

• Fewer side effects
and more convenient
than conventional
gold particle-
mediated gene gun

• Require more
administrations
than
conventional
gene gun to
generate
equivalent
response

Intradermal administration Laser beam–induced
cell

Low energy laser • High efficiency

• High precision and
degrees of control

• Risk for
needle-stick

• Expensive
instrument
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Route of administration Principle Material Advantages Disadvantages
via laser treatment membrane

permeabilization
    source, needle • Capacity for

repeated use
• Technically

demanding
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