
REVIEWS

Therapeutic DNA Vaccines for Human Papillomavirus
and Associated Diseases

Max A. Cheng,1 Emily Farmer,1 Claire Huang,1 John Lin,1

Chien-Fu Hung,1,2 and T.-C. Wu1–4,*

Departments of 1Pathology, 2Oncology, 3Obstetrics and Gynecology, and 4Molecular Microbiology and Immunology, Johns Hopkins Medical Institutions,

Baltimore, Maryland.

Human papillomavirus (HPV) has long been recognized as the causative agent of cervical cancer. High-
risk HPV types 16 and 18 alone are responsible for over 70% of all cases of cervical cancers. More recently,
HPV has been identified as an etiological factor for several other forms of cancers, including oropha-
ryngeal, anogenital, and skin. Thus, the association of HPV with these malignancies creates an oppor-
tunity to control these HPV lesions and HPV-associated malignancies through immunization. Strategies
to prevent or to therapeutically treat HPV infections have been developed and are still pushing innovative
boundaries. Currently, commercial prophylactic HPV vaccines are widely available, but they are not able
to control established infections or lesions. As a result, there is an urgent need for the development of
therapeutic HPV vaccines, to treat existing infections, and to prevent the development of HPV-associated
cancers. In particular, DNA vaccination has emerged as a promising form of therapeutic HPV vaccine.
DNA vaccines have great potential for the treatment of HPV infections and HPV-associated cancers due to
their safety, stability, simplicity of manufacturability, and ability to induce antigen-specific immunity.
This review focuses on the current state of therapeutic HPV DNA vaccines, including results from recent
and ongoing clinical trials, and outlines different strategies that have been employed to improve their
potencies. The continued progress and improvements made in therapeutic HPV DNA vaccine development
holds great potential for innovative ways to effectively treat HPV infections and HPV-associated diseases.
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INTRODUCTION
Human papillomavirus and associated
diseases
HUMAN PAPILLOMAVIRUS (HPV) is a known etiological
factor of cervical cancer—the fourth most common
female cancer worldwide.1–4 It has been identified
as the causative agent of cervical intraepithelial
neoplasia (CIN) and squamous intraepithelial le-
sions, as well as cervical cancer precursor lesions, as
it has a propensity to infect the genital tract.5 HPV
infects mucosal and cutaneous membranes and is
present in more than 95% of all cervical cancers.1,6

However, HPVs have also been implicated in vari-
ous different clinical lesions such as warts, cysts,
and keratosis as well as associated with other can-
cers, including penile, vaginal, vulvar, anogenital,
oropharyngeal, and skin.7–9

Molecular biology and pathogenesis of HPV
HPV is a small (*8000 base pairs), non-enveloped,

double-stranded, circular DNA virus that has a
tendency to manifest through an epitheliotropic
fashion.10 More than 200 types of HPV exist, clas-
sified into low- and high-risk types depending on
their ability to cause cancer.11 Low-risk HPVs cause
genital and skin warts, whereas high-risk HPVs are
responsible for the malignant transformation of in-
fected cells.12–14 Among the high-risk types, HPV-16
and HPV-18 are responsible for over 70% of cervical
cancers, which is why they have been the main focus
for many developing HPV therapies.15 The HPV
genome encodes for two classes of proteins: early
proteins (E1, E2, E4, E5, E6, and E7), which regulate
the viral life cycle, and late proteins (major and mi-
nor capsid proteins L1 and L2), which are structural
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components of the viral capsid responsible for vi-
rion assembly and lytic release. While E1 is a rep-
lication factor, E2 is a transcription regulator of all
HPV viral proteins, capable of regulating viral
DNA replication and viral RNA transcription. E4
regulates the cytoskeleton structure of infected
epithelial cells. E5, E6, and E7 mediate cellular
transformation. E6 and E7 are especially impor-
tant, as they are oncoproteins that repress tumor
suppressors p53 and pRb, respectively, preventing
the activation of apoptotic pathways, further pro-
moting cell proliferation, ultimately leading to the
progression of HPV-associated malignancies.12,14

During the manifestation of HPV-associated cer-
vical cancer, viral integration into the host genome
often leads to the deletion of E2, E4, E5, L1, and L2
viral proteins and the constitutive upregulation of
E6 and E7 oncogenes.

The clinical stages of cervical premalignancies
stem from increasing severities of dysplasia: CIN
grades 1, 2, and 3 (CIN1, CIN2, and CIN3, respec-
tively). CIN1 is also called low-grade squamous in-

traepithelial lesions, while CIN2/3 are also called
high-grade squamous intraepithelial lesions. The
abnormal cell growth of CIN1/2 lesions frequently
spontaneously regress, having been cleared by the
immune system after an HPV infection. However,
progression to CIN2/3 puts individuals at high risk
for developing cervical cancer.16

Preventive HPV vaccines and the need
for therapeutic vaccines

Identifying HPV as an etiological factor of cervi-
cal cancer and other HPV-associated malignancies
helped give rise to the development of immuni-
zation strategies to prevent HPV infection and
associated diseases caused by HPV. These preven-
tive vaccines target L1 and/or L2 in order to gen-
erate neutralizing antibodies against HPV and
establish protective immunity through the use
of virus-like particles.17,18 Commercially avail-
able efficacious prophylactic vaccines include the bi-
valent Cervarix� (GlaxoSmithKline)19 as well as
multivalent Gardasil� and Gardasil-9� (Merck).20,21

Figure 1. Human papilloma virus (HPV) vaccination. HPV vaccination is achieved from either preventive or therapeutic vaccines. The goal of preventive HPV
vaccines is to prevent HPV infections by targeting humoral immunity through delivering virus-like particles (VLPs) encoding late HPV viral capsid proteins L1 and/or
L2. Once VLPs are delivered, T-helper 2 (TH2) cells activate B-cells to bind to the particles to become plasma cells, allowing antibodies to be generated. The
neutralizing antibodies produced via preventive vaccines will block the HPV infection and induce protection from HPV. On the other hand, therapeutic HPV vaccines
target cell-mediated immunity through professional antigen-presenting cells (APCs). APCs such as dendritic cells (DCs) present major histocompatibility complex
(MHC)-peptide complexes to T-cells to allow for T-cell priming into effector cells. Helper CD4+ T-cells are presented via MHC class II molecules, whereas cytotoxic
CD8+ T-cells, or cytotoxic T lymphocytes (CTLs), are presented via MHC class I molecules. CD4+ T-cells further differentiate into TH cells to amplify CTL responses
as well as activating humoral B-cells to produce more neutralizing antibodies. CTLs mediate the antigen-specific killing of tumor cells.
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The recent development of Gardasil-9� has in-
creased preventive coverage from HPV types 6, 11,
16, and 18 to 6, 11, 16, 18, 31, 33, 45, 52, and 58.20,22

Prophylactic HPV vaccines have been shown to ef-
fectively prevent vaccinated, individuals from con-
tracting HPV infections;23 however, these preventive
vaccines have not been successful in treating estab-
lished HPV infections.24,25

For unvaccinated individuals or those already
infected, there remains a chance that infection
with high-risk HPV types such as HPV-16 and/or
HPV-18 could form precancerous lesions, eventu-
ally leading to malignant transformation.5 There-
fore, there remains an urgent need for the
development of therapeutic HPV vaccines to tackle
existing HPV infections, prevent the development
of cancer, and act as immunotherapies for HPV-
associated malignancies. DNA vaccines are an

emerging field of therapeutics that provide great
potential for the treatment of HPV infections and
HPV-associated cancers. A schematic of how pre-
ventive and therapeutic vaccines work can be
found in Fig. 1.

The development of therapeutic vaccines
When HPV integrates into the host genome of

infected high-grade lesions or HPV-associated ma-
lignancies, HPV late genes L1 and L2 are lost.26 As
a result, L1- or L2-specific neutralizing antibodies
generated by prophylactic vaccines are no longer
effective against these HPV-infected cells. In an
attempt to clear HPV infections or preexisting HPV-
associated lesions, therapeutic HPV vaccines are
being developed. In order to eliminate established
infection or lesions, therapeutic vaccines generate
T-cell-mediated immunity by specifically targeting

Table 1. Summary of the advantages and disadvantages of therapeutic vaccines

Therapeutic vaccine Description Advantages Disadvantages References

Live vector–based Highly immunogenic attenuated bacterial or
viral vectors that carry recombinant DNA
encoding the antigen of interest into the
host to elicit an immune response.
Bacterial vectors such as Listeria
monocytogenes and viral vectors such as
the vaccinia virus have been shown to
generate potent humoral and cellular
immune responses in pre-clinical models

� Highly immunogenic
� Mimics natural course

of infection

� Preexisting immunity against vector
� No repeated administration
� Safety risks for immunocompromized

individuals

15, 33–42

Peptide-/protein-based Peptide-based vaccines are peptide
segments containing epitopes of
tumor-associated antigens or other
antigenic proteins of interest while
protein-based vaccines are the antigenic
proteins themselves.

Peptide-based:
� Safe
� Stable
� Easy to produce

Protein-based:
� Safe
� Stable
� Easy to produce
� No HLA restriction

Peptide-based:
� HLA restriction
� Low immunogenicity
� Requires co-administration of adjuvants

Protein-based:
� Low immunogenicity
� Requires co-administration of adjuvants
� Generates antibodies instead of cytotoxic

T lymphocytes

15, 43–46

Whole cell–based Whole cell vaccines involve the adoptive
transfer of autologous dendritic or tumor
cells that have been prepared to express
the target antigens and other costimulatory
molecules. In dendritic cell (DC)-based
vaccines, DCs are loaded with HPV
antigens ex vivo and delivered into the
patient. Tumor cell-based vaccines aim to
improve the immunogenicity of tumor cells
by increasing the expression of immune
modulatory proteins, such as IL-2, IL-12,
and GM-CSF.

DC-based:
� Highly immunogenic

Tumor cell-based:
� Likely to express tumor

antigens

� Expensive
� Labor intensive
� Safety concerns

47–50

Nucleic acid–based
(RNA-based only)

RNA replicon vaccines involve the insertion
of an RNA sequence encoding the target
antigens into disabled viral vectors
derived from RNA viruses such as the
Sindbis virus, Venezuelan Equine
Encephalitis virus, and Simian Foamy virus.

� Transient infections
� Multiple administrations
� Sustained antigen expression
� No risk of chromosomal

integration and cellular
transformation

� Difficult to produce and store
� Unstable
� Labor intensive
� No intercellular spreading
� Dose-limiting toxicities
� Multiple mRNAs cannot be combined

in the same formulation
� Human safety data for RNA has not

been well developed

51–54

GM-CSF, granulocyte-macrophage colony-stimulating factor; HLA, human leukocyte antigen; HPV, human papilloma virus; IL, interleukin.
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HPV early antigens that are constitutively ex-
pressed across both infected and cancerous cells.27,28

As a result, early genes are targeted as they are
expressed throughout the virus’s life cycle and help
regulate the progression of HPV-associated precan-
cerous and cancer lesions. Specifically, the E6 and
E7 proteins represent two ideal therapeutic HPV
vaccine targets because they are constantly ex-
pressed and involved in the malignant transfor-
mation of HPV-associated cancers.29,30 Thus, the
current development of therapeutic HPV vaccines
focuses on activating T-cells specific for the HPV
E6 and E7 antigens.

Current therapeutic approaches against HPV
include live vector–based, peptide-/protein-based,
whole cell–based, and nucleic acid–based vaccines.
Each type of therapeutic vaccine has its own ad-
vantages and disadvantages, which we have sum-
marized in Table 1 (also see reviews from Yang and

colleagues31,32). Since this review focuses specifi-
cally on therapeutic HPV DNA vaccines, they are
not included in Table 1 and instead are described in
great detail in subsequent sections of this review.

THERAPEUTIC HPV DNA VACCINES

DNA vaccines are safe, stable, easy to prepare
and produce at high purity, and allow for repeated
administration without loss of efficacy.55 Because
of these advantages and the potential for the con-
trol of HPV infections and HPV-associated lesions,
DNA vaccines are actively being developed. In
comparison with RNA vaccines, they are stable and
inexpensive to store and transport. They do not
have the same dose-limiting toxicity problems as
RNA vaccines, and multiple DNA plasmids may be
combined into a single formulation to allow deliv-
ery of multiple antigens.54 DNA vaccines also sus-

Figure 2. Therapeutic HPV DNA vaccination. Several methods of therapeutic vaccinations have been developed. Specifically, for HPV, therapeutic vaccines
activate the adaptive immune system by targeting the E6 and/or E7 antigen(s). These methods include live vector–based (bacterial or viral vector) vaccines,
peptide-/protein-based vaccines, cell-based (tumor cell or dendritic cell) vaccines, and nucleic acid–based (RNA or DNA) vaccines. While preventive vaccines
elicit a humoral immune response through neutralizing antibodies, therapeutic vaccines utilize the cell-mediated immune system to control HPV infections. This
schematic outlines therapeutic HPV DNA vaccination. DNA plasmids that encode for HPV antigens, such as early proteins 6 and 7 (E6, E7), are transfected into
antigen presenting cells (APCs) such as dendritic cells (DCs). APCs are activated upon direct transfection of these HPV antigens or through indirect transfer of
the antigens by way of cross-presentation. DCs home to draining lymph nodes where they can prime naı̈ve T-cells upon presentation of antigenic peptides to T-
cells via major histocompatibility complexes (MHCs) The interaction between the MHC molecules and the antigens (i.e., MHC:antigen [Ag] complex) with the T-
cell receptor (TCR) is assisted by co-stimulatory compounds, namely B7 present on DCs and CD28 present on T-cells. MHC-I molecules present to CD8+ T-cells
and MHC II molecules present to CD4+ T-cells to initiate a cell-mediated immune response. Activated CD8+ T-cells directly kill tumor cells by inducing
apoptosis. This immune response is further supported by CD4+ T-cells, which assist in the killing of tumors.
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tain the expression of antigens within cells for
longer periods of time when compared with RNA or
protein-based vaccines.56 However, there are some
limitations to DNA vaccines. DNA has a limited
ability to spread or amplify between cells in vivo
and does not hold intrinsic specificity for targeting
antigen-presenting cells (APCs).57,58 Additionally,
there are theoretical risks of having body reactions,
although no evidence of antivaccine DNA immune
responses or genomic integration has been ob-
served to date in the thousands of individuals
vaccinated with DNA vaccines.59

As a result of these limitations, the potency of
therapeutic HPV DNA vaccines may be affected.
Several strategies to enhance the potency of these
vaccines have emerged in order to overcome such
obstacles; we discuss these in the next section. Be-
cause adaptive immune responses must be generated
foravaccine tobeeffective, targetingDNAvaccines to
professional APCs, particularly dendritic cells (DCs),
plays a key role because they serve as the bridge
between innate and adaptive immune responses.
Therefore, many of the strategies to enhance thera-
peutic HPV DNA vaccine potency focus on targeting
DCs.15 A schematic of how therapeutic HPV DNA
vaccines work can be found in Fig. 2. Additionally, a
list of advantages and disadvantages of therapeutic
HPV DNA vaccines can be found in Table 2.

STRATEGIES TO ENHANCE THERAPEUTIC
HPV DNA VACCINE POTENCY

Potential strategies to enhance the potency of
therapeutic HPV DNA vaccines have focused on
(1) increasing DC uptake of HPV antigens, (2) im-
proving DC processing and presentation of HPV
antigens, and (3) enhancing DC and T-cell inter-
actions (Table 3). Here, we discuss the various
ways to enhance the potency of therapeutic HPV
DNA vaccines through preclinical studies and the
latest completed or ongoing clinical trials (Table 4).

Increasing the number of HPV
antigen-loaded DCs

For DCs to be loaded with HPV antigens, DNA
plasmids encoding HPV antigens can directly
transfect DCs or the antigens can spread from the
transfected cells to DCs. Such antigen spreading
may occur intercellularly, in which the transfected
cells release antigens that are then taken up by DCs.

Routes of administration
Transfection efficiency is a crucial determinant

of the efficacy of DNA vaccines. Different routes of
administration have been explored in order to max-
imize transfection efficiency and enhance therapeu-
tic vaccination potency. These strategies (outlined in
Fig. 3) include intradermal (ID) and subdermal gene
gun delivery, electroporation-mediated intramuscu-
lar (IM) or mucosal administration, intradermal
administration followed by laser treatment, and
microsphere-/nanoparticle-based delivery systems.

Intradermal and subdermal administration via gene
gun. The gene gun is a high-velocity biological and
ballistic transfection device in which DNA-coated
subcellular-sized particles (such as gold beads) de-
liver DNA directly to cells at the site of administra-
tion.60 ID administration relies on keratinocytes and
epidermal DCs being directly transfected. DCs
eventually mature and migrate to local lymphoid
tissues to present HPV antigens and prime HPV
antigen-specific T-cells. It was believed that Langer-
hans cells are crucial for this process, but it has been
shown that at least three functionally distinct skin
DC subsets serve important roles.61 While ID gene
gun delivery of HPV-16 E7 gene can induce antitu-
mor immunity,62 a subdermal tissue approach is also
possible.63 Gene gun delivery has been shown to be
more dose-efficient than biojector and syringe IM
administrations.64 However, gene guns do not nec-
essarily generate stronger immune responses or an-
titumor effects.65 A clinical trial exploring different
routes of administration of a National Gene Vector
Laboratory (NGVL)plasmidvaccine,pNGVL4a-CRT/

Table 2. Summary of the advantages and disadvantages
of therapeutic HPV DNA vaccines

Advantage Attribute of therapeutic HPV DNA vaccines

Design � Generates effective CTL and antibody responses
� Can express tumor antigenic peptides
� Prolonged antigen expression increases the chances

of developing immunologic memory
� Expressed antigens are subjected to the same

glycosylation and post-translational modifications
as natural viral infections

Safety � Will not revert to virulent form
� Does not contain actual infectious agents
� Repeated administration is safe and effective
� Clinical trials have not shown adverse events

Stability � Temperature-stable
� Long shelf life

Manufacture � High purity large scale production
� Rapid production and formulation
� Easy to store and transport

Disadvantage Attribute

Specificity � Low transfection efficiency
� Low immunogenicity
� DNA is unable to amplify or spread intercellularly
� Not specifically targeted to APCs

Body reaction � Possibility for immune responses generated against DNA
� Risk of genomic integration

APCs, antigen-presenting cells; CTL, cytotoxic T lymphocyte.
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Table 3. Different strategies to enhance the potency of therapeutic HPV DNA vaccines

Strategy Approach References
Relevant clinical trials

(NCT numbers)

[1] Increasing DC uptake of HPV antigens
[I] Routes of administration [a] ID and subdermal administration via gene gun

[b] Electroporation-mediated IM or mucosal
administration

[c] ID administration followed by laser treatment
[d] Microspheres and nanoparticle-based delivery

systems
[e] Other novel delivery systems

60–66
65, 67–70, 72–74

75, 76
77–81
82–84

02139267; 02411019; 03185013;
02241369

[II] Intercellular spreading of HPV antigens to DCs Fuse HPV antigens with
[a] VP22
[b] MVP22

85–91, 93, 144
94

[III] Targeting antigens directly to DCs Fuse HPV antigens with
[a] HSP70
[b] CTLA4

95–98
100–105

00788164

[IV] Enhancing the release of HPV antigens into DC
Surroundings

[a] Chemotherapy using
� DMXAA
� EGCG
� Apigenin
� Cisplatin
� Bortezomib

[b] Radiation

106, 111
107
108
109

109, 110
112

[2] Improving HPV antigen expression, processing, and presentation in DCs
[I] Enhancing antigen expression in transfected

DCs
[a] Enhancing transcription of HPV DNA by

co-administering demethylating agents
[b] Enhancing translation of HPV mRNA:
� Codon optimization
� Kozak sequence addition

113–117
73, 115, 119, 120

121, 122

03185013; 03180684

[II] Enhancing MHC I and MHC II expression in DCs Co-administer:
[a] CIITA
[b] HDACi

123–125
126–130

[III] Enhancing antigen processing through the
MHC I pathway cross-presentation

[a] Targeting antigens for proteosomal degradation by
way of fusion with
� PVX-CP
� c-tubulin or ubiquitin
� Destabilizing mutations

[b] Targeting antigens to the ER by way of fusion with
� Signal peptides
� ER chaperone proteins (CRT)

[c] Targeting antigens to the cytoplasm by way of
fusion with
� ETA
� Flt3L

132, 133
132–136

137
138–141

66, 142–149
150, 151

72, 152–155

02411019; 02139267; 02596243

[IV] Enhancing antigen processing through the
MHC II pathway

Fuse HPV antigens with LAMP-1 156–160

[V] Bypassing antigen processing by the MHC I
pathway

Fuse HPV antigens with SCT 161–163

[3] Enhancing DC function and survival, DC and T-cell interactions, and T-cell function survival
[I] Enhancing DC function and survival [a] Enhance DC cross-priming abilities by:

� Co-administering TLR agonists and DC-activating
cytokines (GM-CSF)
� Fusing HPV antigens with HSV-1 gD

[b] Prolonging the survival of antigen-expressing DCs by
way of co-administering
� BCL-xL
� CTGF
� Bax and Bak RNAi

167–177
172, 178

180
181
182

03206138; 03180684

[II] Boosting DC and T-cell interactions Generate CD4+ T-cell help by way of co-administering
� Ii-PADRE
� CD4+ T-cell epitopes (TTFC and BPV-1 L1 or L2)
� Xenogeneic MHC I

184–187
171, 188

190

(continued)
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E7(detox), showed that gene gun administration of
this vaccine was well tolerated but did not provide a
better route of administration in generating thera-
peutic antilesional effects compared with intrale-
sional or IM administration of naked DNA vaccines.66

Electroporation-mediated IM injection or mucosal
administration. Compared with conventional IM
injection, IM injection followed by electroporation
improves transfection efficiency through low volt-
age currents, which create small ruptures in the
cellular membrane for plasmids to enter through.67

In this process, some cells may be damaged or kil-
led. Subsequently, the release of pro-inflammatory
danger signals recruits more immune cells to the
site of antigen production, further enhancing the
presentation of antigens and establishment of ef-
fective immune responses.68 It was shown that
even a small amount of DNA can increase both
humoral and cellular immune responses of a DNA
vaccine in vivo when administered with electro-
poration.69 Electroporation-mediated administration
of the therapeutic HPV pNGVL4a-CRT/E7(detox)
DNA vaccine generated the highest number of
antigen-specific CD8+ T-cells and the strongest an-
titumor responses compared with conventional IM
injection and epidermal gene gun–mediated admin-
istrations in a preclinical model.65 More recently,
electroporation has also been targeted to mucosal
surfaces with possible clinical implications for mu-
cosal site–related diseases such as human immuno-
deficiency virus (HIV) and HPV.70,71 Electroporation
has been used for delivery of GX-188E (a plasmid
encoding fusion proteins of HPV-16/18 E6/E7 linked
to the FMS-like tyrosine kinase 3 ligand, or Flt3L) in

phase 1 and 2 trials72 [National Clinical Trial num-
bers NCT02139267, NCT02411019], delivery of
VGX-3100 (mixture of two plasmids encoding opti-
mized HPV-16/18 E6/E7 consensus) in phase 1, 2,
and 3 trials73,74 [NCT03185013], and delivery of
INO-3106 (a plasmid encoding HPV-6 E6/E7) in a
phase 1 trial [NCT02241369], and did not elicit
study-related serious adverse events in the com-
pleted GX-188E and VGX-3100 phase 1 trials.72,73

The adverse events surrounding this strategy relate
to injection side pain and are generally transient in
nature and of minimal severity. These DNA
electroporation-related side effects, however, are
largely limited to transient pain of mild to moderate
severity without any systemic effects.

Intradermal administration followed by laser treat-
ment. Femtosecond laser poration is an admin-
istration technique that uses a low-energy laser
beam source to modify cell membrane permeability
without the risk of permanent tissue damage, and
has been used to enhance the transfection effi-
ciency of naked DNA constructs.75 ID administra-
tion of antigens followed by second-generation
femtosecond laser treatment has been shown to
generate potent antigen-specific cellular immune
responses in a preclinical model through improved
precision and efficiency in targeting the vaccina-
tion site.76 In the context of HPV-related diseases,
however, this technique has not been extensively
explored but it may hold great potential for future
therapeutic HPV DNA vaccine development.

Microspheres and nanoparticle-based delivery
systems. Microspheres and nanoparticles com-

Table 3. (Continued)

Strategy Approach References
Relevant clinical trials

(NCT numbers)

[III] Promoting T-cell function and survival [a] Enhance T-cell development and maintenance by way
of co-administering
� IL-2
� Anti-4-1BB
� IL-7
� IL-12

[b] Target effector T-cells to tumor sites by co-
administering IP-10

[c] Reducing apoptosis of T-cells
� Anti-PD-L1 blockage
� FasL blockage

191, 192
193, 194
195, 196

197
203–205

208
209–212

02860715; 0320613
02172911; 03162224; 02241369
03162224

[IV] Enhancing immune responses through
elimination of Tregs

[a] CTX
[b] Monoclonal anti-CD25

216, 217
216, 217

BCL-xL, B-cell lymphoma-extra large; BPV-1, bovine papillomavirus type 1; CIITA, major histocompatibility complex (MHC) class II transactivator; CRT,
calreticulin; CTGF, connective tissue growth factor; CTLA4, cytotoxic T-lymphocyte antigen 4; CTX, cyclophosphamide; DMXAA, 5,6-dimethylxanthenon-4-acetic
acid; EGCG, epigallocathechin-3-gallate; ER, endoplasmic reticulum; ETA, exotoxin A; HDACi, histone deacetylase inhibitor; HSP70, heat shock protein 70; HSV-
1, herpes simplex virus type 1; ID, intradermal; Ii-PADRE, invariant Pan HLA-DR reactive epitope; IM, intramuscular; LAMP-1, lysosomal-associated membrane
protein type 1; MHC, major histocompatibility complex; NCT, National Clinical Trial; PD-L1, programmed death-ligand 1; PVX-CP, potato virus X coat protein;
SCT, single-chain trimers; TLR, toll-like receptor; Tregs, regulatory T-cells; TTFC, tetanus toxin fragment C.
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posed of biodegradable and biocompatible polymers
encapsulate DNA to protect them from nucleases,
while serving as suitable targets to be phagocy-
tosed by APCs.77 78 A phase 1 trial of ZYC101, a
plasmid encoding for multiple human leukocyte
antigen (HLA)-A2restricted HPV-16 E7 epitopes to
patients with high-grade cervical intraepithelial
lesions of the uterine cervix, showed that the agent
is well tolerated. In addition, interferon gamma
(IFN-c) production to the encapsulated peptide epi-
topes was observed continuously 6 months after
initial administration.79 A newer version of this
drug, amolimogene (ZYC101a), containing plasmid
DNA encoding HPV-16/18 E6/E7 proteins, was tes-
ted in a phase 2 and 3 clinical trial for CIN2/3 pa-
tients; there was significantly higher resolution of
the disease in women younger than 25 years (70%)
than an age-controlled placebo group (23%).80,81

Other novel delivery systems. PEI600-Tat, a
conjugate of the basic domain of the HIV type 1
(HIV-1) Tat protein and polyethylenimine (PEI),
a low molecular weight polymer, have been shown
to be biocompatible as an effective nonviral gene

delivery vector that increases transfection effici-
ency.82,83 HPV-16 E7 DNA mixed with PEI600-Tat
at the ratio of 50:10 and injected subcutaneously
into mice generated significantly stronger humoral
and cellular immune responses compared with
registering HPV-16 E7 DNA alone.84

Intercellular spreading of HPV antigens to DCs
It is important that HPV antigens enter APCs

so they can be processed and presented to prime
T-cells to generate adaptive immune responses. If
therapeutic HPV DNA vaccines do not directly
transfect APCs, the spreading of HPV antigens to
APCs such as DCs becomes crucial. One way this
occurs is through intercellular spreading of HPV
antigens to DCs. Since encoded antigens do not
easily spread between cells in vivo, it is possible to
link antigens of interest to proteins capable of in-
tercellular transport; antigens are transported into
different cells alongside such proteins.

One such example is the herpes simplex virus
type 1 (HSV-1) tegument protein VP22, which is
highly effective at intercellular transport. When
VP22 is linked to other proteins such as GFP,85,86

Figure 3. Routes of administration. Different routes of administering DNA vaccines have been established to enhance antigen uptake by DCs in order to
enhance T-cell-mediated immune response by both CD4+ and CD8+ T-cells. (1) DNA vaccines can be delivered intradermally and subdermally through a gene
gun. In this process, the biological and ballistic instrument delivers HPV DNA-coated gold particles directly into immature DCs located under the skin (i.e.,
Langerhans cells). (2) HPV DNA vaccines can also be injected intramuscularly followed by electroporation in order to enhance antigen expression in muscle
cells. This will allow for inflammatory responses in local myocytes, leading to the antigens to be taken up by DCs. (3) HPV DNA uptake by DCs can also be
enhanced through intradermal administration followed by laser treatment. (4) HPV DNA can also be delivered via intramuscular injection encapsulated in
microspheres and nanoparticles in order to enhance the uptake of the vaccine by DCs. (5) There are other novel delivery systems to enhance DNA vaccine
potency such as subcutaneously injecting HPV DNA mixed with PEI600-Tat.
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p53,87 and EGFP88 as chimeric polypeptides, the
chimeric polypeptides spread between cells and ac-
cumulate in recipient cell nuclei. Although there
have been reports that the results were due to fixa-
tion artifacts89 and studies suggesting that proteins
fused to VP22 are not intercellularly trafficked,90

other studies that explored vaccination of DNA
constructs of VP22 fused to HPV antigens in mu-
rine models still showed generation of more HPV
antigen-specific CD8+ T-cells and enhanced antitu-
mor effects against E7-expressing tumors in in vivo
tumor protection or treatment experiments.91,92

Michel et al. demonstrated that when the HPV-16 E7
gene was fused with the VP22 sequence and applied
as a DNA vaccine in murine models, it generated
enhanced E7-specific cytotoxic T-lymphocyte (CTL)
responses compared with vaccination with the E7
gene alone, although the authors point out that other
factors such as increased protein quantities possibly
due to increased de novo synthesis or increased
protein stability may also play a role in this phe-
nomenon.93 Exhibiting some homology to the HSV-1
VP22 protein, the Marek’s disease virus type 1
(MVP-1) VP22 protein (MVP22) also showed prop-
erties of intercellular transport.94 When linked to
the HPV-16 E7 protein and administered to mice as
a DNA vaccine, MVP22 induced significantly more
IFN-c-secreting E7-specific CD8+ T-cell precursors
than wild-type E7 DNA alone, while also generating
stronger CD8-dependent antitumor effects.94

Targeting antigens directly to DCs
Apart from intercellular spreading of HPV an-

tigens, exogenous antigens released by transfected
cells can be targeted to DCs by fusing the antigens
with DC-binding molecules. These molecules are
often DC receptor ligands, such as heat shock
protein 70 (HSP70) and CTL antigen 4 (CTLA4).

HSP70. Heat shock protein 70 is a protein that
acts as both a chaperone and a danger-associated
molecular pattern (DAMP). As a chaperone, HSP70
binds to peptides; HSP70-peptide complexes bind
to CD91 and are subsequently presented by major
histocompatibility complex (MHC) class I mole-
cules of APCs.95 Therefore, linking HPV antigens
to HSP70 targets these antigens to APCs, partic-
ularly DCs, and enhances presentation through
the MHC class I pathway. When HSP70 acts as a
DAMP, it interacts with toll-like receptor 2 (TLR2)
and TLR4 to promote DC activation and better
cross-priming.96 Both chaperone and DAMP prop-
erties exhibit great potential for enhanced thera-
peutic effects when the target antigen sequence
is fused to the HSP70 gene. Indeed, administration

of a DNA vaccine encoding HPV-16 E7 linked to
HSP70 (E7/HSP70) in a murine model was immu-
nologically more effective than administering a
DNA vaccine encoding HPV-16 E7 alone.97 Fur-
thermore, pNGVL4a-Sig/E7(detox)/HSP70, a plas-
mid expressing a detoxified form of HPV-16 E7
fused to HSP70, has undergone phase 1 and 2
clinical trials in patients with HPV-16+ CIN2/3
lesions. Results confirmed the vaccine’s safety and
therapeutic potential: three out of nine individuals
in the highest-dose cohort demonstrated complete
histologic regression.98 pNGVL4a-Sig/E7(detox)/
HSP70 in combination with TA-HPV, a recombi-
nant vaccinia virus encoding HPV-16/18 E6/E7
fusion protein, has shown 57% success rate in de-
veloping a cellular immune response99 and is cur-
rently undergoing a phase 1 clinical trial in CIN3
patients [NCT00788164].

CTLA4. The ligand of B7 molecules on APCs,
CTLA4 is expressed on the surfaces of T-cells and has
negative regulatory effects on T-cell activation; it is
important for T-cell homeostasis.100,101 Linking HPV
antigens to CTLA4 possibly targets the antigens to
the surface of DCs. Previous studies have shown that
DNA vaccines encoding antigen-CTLA4 fusion pro-
teins generate more potent immune responses than
DNA vaccines encoding the antigen alone.102–104

The DNA vaccine pCTLA4-E7E6 encodes CTLA4
fused to HPV-16 E7 and E6. Significantly higher
anti-E7/E6 antibodies, relatively stronger antigen-
specific CTL responses, and relatively stronger
antitumor effects were observed when introduced
as therapeutic vaccination into TC-1 tumor-bearing
mice, compared with those of DNA encoding E6/E7
proteins (pE7E6) alone.105

Enhancing the release of HPV antigens
into DC surroundings

Another approach to increase uptake of HPV an-
tigens by DCs is to enhance the release of HPV an-
tigens into DC surroundings. Common cancer
treatments such as chemotherapy and radiation in-
duce apoptosis of tumor cells, leading to the release
of HPV antigens into circulation, where it would be
easier for DCs to encounter and uptake them.

Chemotherapeutic agents such as 5,6-
dimethylxanthenon-4-acetic acid (DMXAA),106

epigallocathechin-3-gallate (EGCG),107 4¢,5,7-tri-
hydroxyflavone (apigenin),108 cis-diamminedichlo-
roplatinum (cisplatin),109 and bortezomib110 have
been thoroughly explored. DMXAA is a vascular
disrupting agent that can prevent adequate blood
supply to tumors, leading to tumor necrosis.111 E7
DNA vaccination combined with DMXAA treatment
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generated E7-specific CD8+ T-cell responses and
potent antitumor effects in TC-1 tumor-bearing
mice.106 Similarly, the flavonoid EGCG induced tu-
mor cell apoptosis in a dose-dependent manner, and
DNA vaccination of pcDNA3-Sig/E7/LAMP-1 via
gene gun with co-administration of EGCG through
drinking water in murine models generated stron-
ger antigen-specific antitumor responses than ei-
ther DNA vaccination or EGCG treatment alone.107

Apigenin is another flavonoid, which generated
potent E7-specific CD8+ T-cell responses in com-
bination with pcDNA-E7-HSP70 vaccination, and
demonstrated better antitumor effects against TC-1
tumor in murine models compared with either DNA
vaccination or apigenin administration alone.108

Combining chemotherapeutic agents cisplatin and
bortezomib with CRT/E7 DNA vaccine also gener-
ated strong E7-specific CD8+ T-cell responses and
antitumor effects against murine E6/E7-expressing
TC-1 models relative to either DNA vaccination or
chemotherapy alone.109,110

Another popular method to treat tumors in a
clinical setting is radiation. Low-dose radiation
therapy combined with DNA vaccination of CRT/
E7(detox) generated a higher titer of E7-specific
CD8+ T-cells and displayed the greatest antitu-
mor effects against TC-1 tumors in murine models,
compared with DNA vaccination or radiotherapy
alone.112 In addition, TC-1 tumor cells were more
susceptible to lysis by E7-specific CTLs after radio-
therapy.112

Improving HPV antigen expression, processing,
and presentation in DCs

After DNA plasmids encoding HPV antigens are
directed to and uptaken by DCs, they must be ex-
pressed, processed, and presented by the trans-
fected DCs. Antigen expression involves the
transcription and translation of HPV DNA. The
translated antigens are then presented through
the MHC I or MHC II pathway. Various strategies
to enhance DNA vaccine potency include upregu-
lating the expression of target antigens and MHC
I and II molecules, as well as through enhancing
the processing of antigens through the MHC I or
MHC II pathways.

Enhancing antigen expression
in transfected DCs

Enhancing transcription of HPV DNA. Low levels
of HPV antigen expression have been reported
in cell lines transfected with wild-type HPV-16 E6
or E7 DNA.113–115 Various strategies have been
developed to increase antigen expression levels
by enhancing the transcription and translation of

HPV DNA. Demethylating agents can potentially
enhance transcription of genes encoding for HPV
antigens by inhibiting methylation of the cytomeg-
alovirus promoter region commonly used in DNA
vaccine expression vectors. Methylation of CpG is-
lands in cytomegalovirus promoter regions have
been shown to silence gene expression.116 When
combined with a DNA vaccine encoding calreticulin
linked to HPV-16 E7 (CRT/E7), treatment with 5-
aza-2¢-deoxycytidine (DAC), a demethylating agent,
upregulated CRT/E7 expression and enhanced
E7-specific CD8+ T-cell immune responses in vac-
cinated mice.117

Enhancing translation of HPV mRNA. Posttra-
nscriptional mechanisms may also play a role in low
HPV antigen expression. In one study, Cos-1 cells
transfected with wild-type HPV-16 E7 DNA was
shown to express high levels of E7 mRNA and low
levels of the E7 protein.113 It has been hypothesized
that selection pressure imposed on HPV resulted in
the viral codon usage to differ from human codon
usage.118 Due to viral codon bias, the E6 and E7
gene sequences are poorly recognized by the cellular
translational machinery, thereby preventing high
expressions of the early viral proteins and enabling
the virus to evade immune responses.119

One potential strategy to overcome viral codon
bias and thus enhance the translation of genes en-
coding for HPV antigens is codon optimization, in
which viral genes are synthetically engineered to
contain only codons preferred by highly expressed
human genes.115 Codon-optimized E6 or E7 DNA
enhanced antigen expression in transfected cell lines
and antigen-specific CD8+ T-cell immune responses
in vaccinated mice.115,119 Clinically, VGX-3100 con-
sists of two DNA plasmids encoding optimized con-
sensus HPV-16 and HPV-18 E6 and E7 genes. A
phase 1 trial demonstrated that VGX-3100 delivered
by electroporation was safe and well-tolerated and
induced the proliferation of HPV-specific CD8+ T-
cells in patients with CIN2/3.73 A follow-up study
administered an additional dose of VGX-3100 to
patients who had completed the previous phase 1
trial and demonstrated that a single boost dose of
VGX-3100 could augment cellular and humoral im-
mune responses above preboost levels.120 In a phase
2b trial, histological regression was observed in 53
of 107 VGX-3100 recipients.73 Additionally, there is
currently a phase 3 trial recruiting patients to con-
tinue studying the efficacy, safety, and tolerability
of VGX-3100 [NCT03185013]. A phase 2 trial in-
vestigating the efficacy of VGX-3100 combined
with imiquimod is also currently being conducted
[NCT03180684].
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Another potential strategy to enhance translation
of HPV DNA is the addition of a Kozak sequence
and/or a leader sequence. The Kozak sequence is
a highly conserved sequence in eukaryotic mRNA,
whereas the leader sequence is the mRNA region
directly upstream of the initiation codon. Both the
Kozak sequence and the leader sequence are im-
portant in regulating mRNA translation. One study
demonstrated that modifications to DNA vaccines
encoding HPV-6 and HPV-11 consensus E6/E7 fu-
sion proteins, including codon optimization and the
addition of a Kozak sequence and a highly efficient
leader sequence, enhanced E6- and E7-specific CD8+
T-cell immune responses in vaccinated mice.121 An-
other study compared the effects of codon optimiza-
tion (opt) and the addition of a Kozak sequence (K)
by studying four different plasmids encoding for
HPV-16 E7, including E7opt+K, E7opt–K, E7wt+K,
and E7wt–K. Comparable E7-specific CD8+ T-cell
immune responses and tumor protection were ob-
served in mice vaccinated with the E7opt+K and
E7opt–K plasmids. However, the E7opt+K plasmid
generated the highest level of E7 expression and was
the only plasmid to induce regression of preexisting
tumors in vaccinated mice, suggesting a correlation
between the level of protein expression and the ef-
ficiency of CTL responses.122

Enhancing MHC I and MHC II
expression in DCs

MHC I/II expressions in DCs can be enhanced
by administering an MHC class II transactivator
(CIITA) or a histone deacetylase inhibitor (HDA-
Ci). CIITA is a master regulator of MHC II ex-
pression and also upregulates MHC I expression on
the surface of DCs.123,124 Kim et al. used CIITA
DNA to upregulate MHC I/II expression and en-
hance antigen presentation through MHC class I/II
pathways in transfected DCs.125 They also showed
that co-administration of CIITA with a DNA vac-
cine encoding CRT/E6 enhanced E6-specific CD8+
T-cell immune responses, provided long-term pro-
tection against TC-1 tumors, and prolonged sur-
vival in vaccinated mice.125

Histone deacetylase inhibitors cause hyper-
acetylation of core histones and upregulate expres-
sion of suppressed genes.126 Previous studies have
shown that HDACi can enhance DNA vaccines by
increasing the expression of the encoded antigens
and MHC I/II molecules.127–129 Treatment with
AR-42, a novel HDACi, increased surface expres-
sions of MHC I molecules in transfected TC-1 cells
while increasing the susceptibility of the tumor
cells to E7-specific CD8+ T-cells.130 In addition, co-
administration of AR-42 with a HPV DNA vaccine

encoding for CRT/E7 enhanced E7-specific im-
mune response, decreased E6/E7-expressing tumor
growth, and promoted longer survival in vacci-
nated mice.130

Enhancing antigen processing through the MHC I
cross-presentation pathway

MHC class I molecules present endogenous an-
tigens to CD8+ T-cells to stimulate antigen-specific
killing but may also utilize cross-presentation
mechanisms of exogenous peptides.131 After exoge-
nous antigens are phagocytosed, they are processed
by proteasomes. In one specific cross-presentation
route, these processed antigens will be loaded on
MHC class I molecules that are present in the en-
dosplasmic reticulum (ER), thus allowing for a cy-
tosolic pathway through ER loading. Similarly,
processed antigens can undergo another cytosolic
pathway in which they are reimported directly into
the phagosome and loaded onto MHC I molecules
present. Alternatively, processed antigens can be
processed in a third route through direct degrada-
tion into smaller peptides within the phagosome
and subsequently loaded onto MHC class I mole-
cules through a vacuolar pathway. Various strate-
gies have been developed to enhance the HPV
antigen processing and presentation through the
MHC I pathways in order to optimize the antitumor
effects of CD8+ T-cells by targeting the antigens for
(1) proteasomal degradation, (2) entry into ER, or (3)
targeting the antigen in the cytoplasm.

Targeting antigens for proteasomal degradation.
MHC I molecules bind to peptides generated from
proteasomal degradation of cytosolic proteins. The
rate of antigen degradation by the ubiquitin-
proteasome pathway effects antigen presentation
through MHC I pathway.132 Therefore, to enhance
the MHC I pathway by targeting the antigens to the
proteasome, HPV antigens have been linked to
various molecules, such as potato virus X coat pro-
tein (PVX-CP), c-tubulin, and ubiquitin. Fusion of
HPV-16 E7 to PVX-CP increased the rate of pro-
teasomal degradation in transfected cells.133 A DNA
vaccine encoding the fusion protein inhibited E6/
E7-expressing tumor growth and enhanced both E7-
specific CD4+ and CD8+ immune responses in vac-
cinated mice.133 Likewise, c-tubulin can target pro-
teins to the centrosome, a perinuclear organelle that
contains a high density of proteasomes. Fusion of
HPV-16 E7 to c-tubulin enhanced E7 presentation
through MHC I pathway, increased the number of
E7-specific CD8+ T-cell precursors, and provoked a
potent antitumor effect against TC-1 in vaccinated
mice.134 Fusion of HPV-16 E6 and/or E7 proteins
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to ubiquitin induced long-term humoral and cell-
mediated immunities and generated both protective
and therapeutic antitumor effects in vaccinated
mice.135,136

An alternative strategy to enhance proteasomal
degradation of HPV antigens involves destabiliz-
ing mutations in HPV genes. One study demon-
strated that a DNA vaccine containing two
mutations in zinc-binding motifs of the HPV-16 E7
gene generated stronger E7-specific CD8+ T-cell
responses and greater tumor protection in vacci-
nated mice when compared with the wild-type
DNA vaccine.137

Targeting antigens to the ER. MHC I molecules
bind to their respective antigens in the ER. HPV
antigens can be targeted to the ER through linkage
to various molecules, such as the signal peptide of
the adenoviral E3 protein, Pseudomonas aerugi-
nosa exotoxin A domain II [ETA(dII)], and calreti-
culin. Signal peptides are short peptides at the
N-terminus of newly synthesized proteins that
determine the localization of the proteins within
the cell. DNA vaccines encoding the HPV-16 E7
gene linked to an adenoviral E3 signal sequence,
IFN-c-induced protein 10 (IP-10), or B-cell activat-
ing factor promoted E7 accumulation in the endo-
plasmic reticulum and enhanced E7-specific CD8+
T-cell response in vaccinated mice.138–140 Fusion of
E7 to ER chaperone molecules, such as ER-60, ta-
pasin, and calnexin also enhanced E7-specific T-cell
responses and generated protective and therapeutic
antitumor effects in vaccinated mice.141

CRT is a polypeptide chaperone molecule within
the ER that aids in antigen presentation through
MHC I pathways.142 Vaccination with HPV-16 E7
fused to CRT increased E7-specific CD8+ T-cell
precursors and enhanced antitumor effects against
E7-expressing tumors in vaccinated mice when
compared with wild-type E7 DNA or CRT DNA.143

In addition, a DNA vaccine encoding CRT/E7 gen-
erated the greatest E7-specific CD8+ T-cell immune
responses and antitumor effects in vaccinated mice,
when compared with other intracellular targeting
strategies, including lysosomal-associated mem-
brane protein type 1 (LAMP-1), HSP70, and ETA.144

CRT linkage to other HPV antigens, such as E6 and
E6/E7/L2 fusion proteins, has also been shown to
enhance antigen-specific CD8+ T-cell immune re-
sponse and provoke potent antitumor effects in
vaccinated mice.145,146 A recent phase 1 clinical trial
demonstrated that the DNA vaccine, pNGVL4a-
CRT/E7(detox), was both well-tolerated and capable
of increasing the level of intraepithelial CD8+ T-cell
infiltrates in patients with HPV-16+ CIN2/3. Fur-

thermore, 8 of 27 (30%) patients who received all
vaccinations and underwent loop electrosurgical
excision procedures showed histologic regression to
CIN1 or less.66

However, CRT overexpression has been associ-
ated with the development of pancreatic and
breast cancers.147,148 To overcome CRT over-
expression, only the import and retention signals
of CRT in the ER can be inserted, rather than the
full-length CRT gene. A DNA vaccine encoding
HPV-16 E6 and E7 flanked by ER import and re-
tention signals (SP-E6E7-KDEL) generated com-
parable antigen-specific CD8+ T-cell responses
and therapeutic antitumor effects in vaccinated
mice when compared with mice vaccinated with
a DNA vaccine encoding E6 and E7 fused to full-
length CRT.149 Thus, import and retention signal
sequences provide a safe and equally potent al-
ternative.

Targeting antigen to the cytoplasm. Pseudomo-
nas aeruginosa exotoxin A (ETA) is a bacterial toxin
with three functional domains. In particular, do-
main II facilitates the translocation of proteins from
the endosomal/lysosomal compartments to the cy-
toplasm.150 It has been hypothesized that ETA(dII)
can enhance antigen presentation through the
cross-presentation pathway: when antigens fused to
ETA(dII) are released from transfected cells and
subsequently uptaken by APCs, ETA(dII) can direct
the antigens to the cytoplasm, escape the MHC II
pathway, and enter the MHC I pathway instead.
In vitro assays demonstrated that ETA(dII)/E7 was
presented through the MHC class I pathway more
efficiently in transfected cells when compared with
wild-type E7.151 In addition, higher percentages of
specific lysis were observed in DCs pulsed with cell
lysates of 293T cells transfected with ETA(dII)/E7
DNA, indicating that the fusion of ETA(dII) may
enhance MHC class I presentation of E7 via a cross-
priming mechanism. Furthermore, vaccination
with DNA encoding ETA(dII)/E7 increased the
number of E7-specific CD8+ T-cell precursors and
was able to control E7-expressing metastatic lung
tumors in vaccinated mice.151

Flt3 is a tyrosine kinase receptor expressed by
DCs. Its ligand, Flt3L, has been shown to expand
distinct populations of DCs in vivo.152 Tissue
plasma activator (tpa) signal sequences have been
used to drive a target protein into the secretory
pathway.153 Flt3L, along with tpa, enhances HPV
antigen targeting to DCs and antigen cross-
presentation. It was shown that Flt3L-E7 fusion
proteins are more readily uptaken and presented
by DCs through MHC I pathway, when compared
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with wild-type E7 protein.154 Vaccination of mice
with tFE67(Co), a codon-optimized construct in-
cluding a tpa signal sequence, Flt3L, and fusion of
E6 and E7 (tFE67(Co)), induced stronger E6- and
E7-specific CD8+ T-cell responses and led to com-
plete TC-1 tumor regression.155 A phase 1 clinical
trial demonstrated the safety of the GX-188E DNA
vaccine encoding for HPV-16/18 E6/E7 fusion pro-
tein linked to Flt3L and tpa administered IM with
electroporation.72 E6/E7-specific T-cell response
was observed in all nine patients with CIN3, and
seven patients displayed complete lesion regres-
sion and viral clearance within 36 weeks of follow-
up. A follow-up is currently being conducted to
monitor changes of immune response in the phase
1 subjects [NCT02411019]. Furthermore, two ad-
ditional phase 2 trials studying the safety and ef-
ficacy of GX-188E are also currently ongoing
[NCT02139267, NCT02596243].

Enhancing antigen processing through
the MHC II pathway

CD4+ T helper cells produce cytokines and are
required to initiate CD8+ T-cell immune responses
and maintain long-term memory.156 MHC II mol-
ecules present exogenous antigens that have been
phagocytosed or endocytosed by APCs to CD4+ T-
cells. Linkage of antigens to the sorting signal of
LAMP-1 is a potential strategy to enhance HPV
antigen processing through MHC II pathway and
thus antigen presentation to CD4+ T helper cells.
LAMP-1 is a transmembrane protein predomi-
nantly localized in lysosomes and late endosomes.157

Fusion of HPV-16 E7 to the sorting signal of LAMP-
1 directed E7 antigen toward endosomal/lysosomal
compartments and enhanced E7 presentation
through MHC class II pathway in transfected cells
to activate CD4+ T-cells.158 Mice vaccinated with
DNA encoding the chimeric E7/LAMP-1 protein
also demonstrated greater numbers of E7-specific
CD4+ T helper cells and CD8+ T-cell precursors,
stronger E7-specific antibody response, and greater
antitumor activity.158,159 Alternatively, antigens
can be linked to MHC class II–associated invariant
chain (Ii) to target the antigens to the MHC class II
pathway. Fusion of HPV-16 E7 to Ii was shown to
shift the localization of E7 from the nucleus to the
endosomes. In addition, a DNA vaccine encoding Ii/
E7 fusion protein enhanced E7-specific CD4+ and
CD8+ T-cell responses and offered greater protec-
tive antitumor effects in vaccinated mice when
compared with E7 fused to ubiquitin or E7 alone.160

A schematic diagraming antigen processing and
presentation through MHC class I and II pathways
can be found in Fig. 4.

Bypassing antigen processing
and presentation of the MHC I pathway

Antigen processing through MHC I pathway in-
volves the loading of antigenic peptides onto newly
assembled MHC I heavy chain and b2 microglobulin
(b2m). A DNA vaccine encoding single-chain tri-
mers (SCT) consisting of MHC I heavy chain linked
b2 microglobulin and peptide has been shown to
enhance antigen presentation through the MHC
class I pathway by bypassing antigen processing
and presentation.161 SCT technology has many ad-
vantages compared with vaccines employing con-
ventional antigen processing. Normal antigen
processing through MHC class I presentation may
be limited by the various steps involved in antigen
processing and presentation pathway. In contrast,
SCT technology allows the direct presentation of
the most immunogenic epitope through MHC class
I molecules directly on the surface of transfected
cells. Furthermore, the covalent bonding between
the three molecules in the trimer increases the
stability of the MHC:peptide complex. The stable
single-chain construct has been shown to induce
stable cell surface expression of the chimeric protein
in transfected cells, leading to enhanced presenta-
tion of the linked peptide through MHC class I
molecules.162 A DNA vaccine encoding for HPV-16
E6 CTL epitope in SCT produced a greater E6-
specific CD8+ T-cell immune response and en-
hanced tumor protection in vaccinated mice when
compared with wild-type HPV-16 E6 DNA.163

Enhancing DC function and survival, DC
and T-cell interactions, and T-cell
function survival

After HPV antigen uptake and presentation,
DCs need to interact with T-cells in order to gen-
erate effector CD8+ T-cells that have cytotoxic
abilities, or effector CD4+ T-cells that help prime
CD8+ T-cells.164,165 The generation of potent cel-
lular immune responses, including CTL responses
to kill tumor cells, is crucial for antitumor ef-
fects.166 Thus, other ways to enhance therapeutic
HPV DNA vaccine potency include: (1) enhancing
DC function and survival, (2) boosting DC and T-
cell interactions, (3) promoting T-cell function and
survival, and (4) enhancing immune responses
through elimination of regulatory T-cells (Tregs).

Enhancing DC function and survival
DC activation is necessary for T-cell priming.

Studies have also shown that certain forms of DC
activation enhance cross-priming, which then in-
duces CTL response.167,168 Strategies to activate
DCs and enhance the ability of DCs to cross-prime
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CD8+ T-cells include co-administration of TLR
agonists [NCT03206138, NCT03180684]169,170

and DC-activating cytokines,171 and fusion of HPV
antigen gene sequences with the human HSV-1 gD
protein.172

Activation of the TLRs present on macrophages
and DCs has been shown to induce pro-inflammatory
cytokine secretion and enhance presentation of an-
tigens to naı̈ve T-cells.173,174 In one murine model,
the TLR3 agonist poly(I:C) and the TLR7 agonist
resiquimod were co-administered with HPV-16 E7
DNA vaccine, enhancing antigen-specific lympho-
cyte proliferation and cytolytic activity and antitu-
mor effects against the TC-1 tumor model, compared
with effects of the DNA vaccine alone.169 In another
murine model, co-administration of the TLR7 ago-
nist imiquimod and the CRT/E7 DNA vaccine also
generated enhanced antitumor immunity and anti-

tumor effects.170 Clinical trials combining HPV-16/
18 E6/E7 DNA vaccination with local administration
of imiquimod at the lesion site are currently being
conducted [NCT03206138, NCT03180684].

Granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) is a cytokine that has been shown to
stimulate DC proliferation and is important for DC
development.175–177 In mice bearing cervicovaginal
TC-1 tumors in the cervicovaginal tract, IM vacci-
nation with CRT/E7 DNA vaccine followed by in-
travaginal administration of GM-CSF caused an
accumulation of E7-specific CD8+ T-cells and DCs in
cervicovaginal tumors, and demonstrated antitumor
effects, possibly mediated by enhanced cross-
presentation of antigens by DCs.171

HSV-1gD protein has been reported to induce ac-
tivation of myeloid dendritic cells and to induce type
1 IFN secretion.178 A DNA vaccine construct of fusion

Figure 4. MHC class I/II pathways enhance antigen processing and presentation. There are several ways in which to improve HPV antigen expression,
processing, and presentation in DCs. Of these strategies, enhancing MHC I/II expressions in DCs helps increase antigen processing and presentation. (A)

For MHC class I pathways, antigen transcription can be enhanced by diacylglycerols. (B) Plasmid design (i.e., codon optimization, Kozak/leader se-
quences) also enhance antigen (Ag) translation. (C) Fusion to potato virus X coat protein, c-tubulin, or ubiquitin and destabilizing mutations target Ags for
proteasomal degradation. (D) Subsequent fusion to signal peptides (i.e., adenoviral E3, IP-10, BAFF) or endoplasmic reticulum (ER) chaperone proteins (i.e.,
GRT, Tap, C21) target endogenous Ags to be presented onto MHC class I molecules in the ER by way of tapasin. These MHC I molecules are later
transported from the ER to the extracellular matrix. (E) Single-chain trimers (SCTs) are also involved in bypassing proteasomal antigen processing. (F)

Alternatively, co-administering class II transactivator and histone deacetylase inhibitor can enhance MHC I/II expressions through transcription. Class 2-
associated Ii chain peptide (CLIP) is a part of the invariant chain (Ii) that binds MHC class II molecules prior to full assembly of the MHC receptor. They help
prevent self-peptide fragments from binding until localization of MHC class II molecules into endosomes and lysosomes takes place. (G) Fusion to
lysosomal-associated membrane protein type 1 (LAMP-1) targets Ags to the endosomes and lysosomes for export to the extracellular matrix by pre-
sentation to MHC class II molecules.
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of HPV-16 E6 and/or E7 protein sequences to the gD
protein generated HPV antigen–specific CD8+ T-cell
immune responses and partial therapeutic effect
(40%) against TC-1 tumor in murine models.172

DCs undergo a fairly rapid rate of turnover, with
a half-life of around 2 days. Once activated, they
generate maximal immune responses that conse-
quently lead to cell death through multiple apopto-
tic pathways.179 Strategies to prolong the survival of
antigen-expressing DCs have thus been employed.
Gene gun co-administration of DNA encoding apo-
ptosis inhibitors such as BCL-xL specifically pro-
longed the survival of antigen-expressing DCs. This
generated enhanced antigen-specific CD8+ T-cell
immune responses and antitumor effects.180 Ad-
ministration of another DNA vaccine construct of
HPV-16 E7 sequence fused to the apoptosis inhibi-
tory protein connective tissue growth factor pro-
longed the survival of transfected DCs in vivo and
generated a higher number of E7-specific CD8+ T-
cells than administration of the E7 DNA vaccine
alone.181 However, administration of anti-apoptotic
proteins raises safety concerns for cellular trans-
formation, and thus co-administration of siRNA
that targets key pro-apoptotic proteins Bak and Bax
is deemed a more plausible strategy,182 as RNA is
susceptible to degradation and will only generate
transient effects.

Boosting DC and T-cell interactions
CD4+ T-cells help mediate DC and T-cell inter-

actions. They are important in promoting CD8+ T-
cell survival and generating CD8+ T-cell memory
function.165,183 Thus, CD4+ T-cell activation en-
hances the antigen-specific immune response gen-
erated by CD8+ T-cells.

The invariant chain (Ii) is a critical molecule in
the MHC class II presentation pathway. It binds to
newly synthesized MHC class II a and b chains, and
is later proteolytically degraded in the endosomal-
lysosomal pathway, leaving only the class II–
associated Ii chain peptide (CLIP) fragment. CLIP
is later replaced by peptides that bind to the antigen-
binding groove of MHC class ii2 molecules.184 The
invariant Pan HLA-DR reactive epitope (Ii-PADRE)
is an Ii in which CLIP is replaced by PADRE. In-
stead of being eventually replaced by peptides like
CLIP, PADRE is strongly bound to and presented on
MHC class II molecules to induce PADRE-specific
CD4+ T-cell immune responses.185 The interleukin-
2 (IL-2) cytokines generated by the PADRE-specific
CD4+ T-cells can then enhance CD8+ T-cell re-
sponses.186 Co-administration of DNA encoding
Ii-PADRE with antigen-encoding DNA vaccines
elicited stronger antigen-specific CD8+ T-cell im-

mune responses and generated antitumor effects
against antigen-expressing tumor cells in mice.185

Furthermore, mice vaccinated with DNA vaccine
construct that directly fused Ii-PADRE to HPV-16
E6 (Ii-PADRE-E6) generated significantly stron-
ger E6-specific CD8+ T-cell immune responses and
antitumor effects against E6-expressing tumors,
compared with mice vaccinated with Ii-E6 DNA.187

This suggests that CD4+ T helper cells, through
boosting DC and CD8+ T-cell interactions, can play
an important role in enhancing the potency of
therapeutic HPV DNA vaccines.

Similar methods to enhance CD4+ T-cell help
include co-administration of DNA encoding other
CD4+ T-cell epitopes, such as tetanus toxin frag-
ment C (TTFC) and bovine papillomavirus type 1
(BPV-1) L1 or L2 antigens.171,188 TTFC includes a
promiscuous CD4+ helper epitope that binds to nu-
merous histocompatibility alleles, activating a large
amount of TTFC-specific CD4+ T-cells and subse-
quently inducing CD8+ T-cell responses.188 BPV-1
L1 or L2 antigens also contain CD4+ T-cell epitopes
that would stimulate generation of CD4+ T-cell
help.171 Indeed, administration of DNA vaccines
encoding HPV-16 antigens fused with TTFC, or co-
administration of vectors expressing BPV-1 L1 and/
or L2 DNA linked with CRT/E7 DNA both gener-
ated enhanced antigen-specific CD8+ T-cell immune
responses and antitumor effects, compared with
administration of DNA vaccine encoding for HPV
antigen alone.171,188 More recently, fusing BPV-1 L1
with the E7 epitope has also shown immunogenicity
in eliciting effective E7-specific antitumor T-cell-
and B-cell-mediated responses.189

Another way to enhance DC and T-cell interac-
tions is through co-administration of xenogeneic
MHC class I molecules. The generated local inflam-
mation state by the xenogenic MHC class I mole-
cules attracts immune cells to antigen sites and
causes increased release of antigen from muscle
cells, leading to enhanced antigen uptake by APCs
and stronger APC and T-cell interactions at the local
inflammatory site. Further, it has been shown that
co-administration of xenogeneic MHC class I DNA
with the CRT-E7 DNA vaccine recruited APCs and
CD8+ T-cells to the injection site.190 This suggests
that cross-priming happened in the local muscle
tissue in addition to the draining lymph nodes.

Promoting T-cell function and survival
T-cell function and survival can be promoted by

co-administration of cytokines and co-stimulatory
molecules important for T-cell development and
maintenance, such as IL-2, anti-4-1BB, IL-7, IL-12,
B7, and IL-33. Chemokines that target effector
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T-cells to tumor sites such as IP-10 also generate
synergistic effects. In addition, anti-programmed
death-ligand 1 (anti-PD-L1) and Fas ligand (FasL)
blockage reduce apoptosis of T-cells.

IL-2 is a cytokine produced by activated T-cells
and helps induce T-cell proliferation. Although
IL-2 is important for the development and main-
tenance of Tregs, which exert negative regulatory
effects on the immune response, it is still a key
cytokine in cytotoxic and helper T-cell activa-
tion.191 DNA vaccines encoding fusion of IL-2 to
HPV-16 E7 generated the highest frequency of E7-
specific CD8+ T-cells and demonstrated the stron-
gest antitumor effects against E7-expressing tumors
relative to control DNA vaccine constructs.192 4-1BB
receptors play a role in the preferential induction
of CD8+ T-cell proliferation and co-administration
of IL-2 cDNA, and anti-4-1BB antibodies with the
HPV E7 construct generated enhanced IFNc pro-
duction from E7-specific CD8+ T-cells and in-
creased E7-specific CTL activity.193,194

IL-7 is an important cytokine in T- and B-cell
development, specifically, naı̈ve T-cells require IL-7
for homeostatic proliferation and survival.195 In
mice, intravaginal co-administration of Fc-fused IL-
7 recruited several types of immune cells to the
genital tract and generated a higher number of HPV
antigen-specific CD8+ T-cells in the genital mucosa,
leading to stronger antitumor effects.196 A clinical
trial examining the safety and efficacy of the HPV
therapeutic DNA vaccine GX-188E co-administered
with GX-17 (a protein drug recombining human
IL-7 and hybrid Fc) [NCT02860715] or imiquimod
is currently being conducted [NCT03206138].

IL-12 produced by DCs is involved in the differ-
entiation of naı̈ve T-cells into T helper 1 cells,
leading to increased CD8+ activity and the pro-
duction of IFNc by T-cells.197,198 Multiple phase 1/2
clinical trials are currently exploring the effects
of co-administration of plasmids encoding IL-12
[NCT02172911, NCT03162224, NCT02241369].

B7.1/B7.2 (CD80/CD86) molecules on APCs bind
to CD28 on T-cells to provide co-stimulatory signals
for T-cell activation.199 Thus, DNA vaccine vectors
that co-express B7.1 and/or B7.2 may enhance T-cell
activation. One study has shown that the PVAX1/
HPV-58 mE6E7FcGB recombinant DNA vaccine,
which co-expresses GM-CSF and B7.1, was able to
enhance antigen-specific T-cell immune responses
while delaying tumor development in HPV-58(+)
B16/HPV-58 E6/E7 tumor-challenged mice.200

IL-33 is a cytokine expressed by epithelial and
endothelial cells. Its release during cell injuries
promotes pro-inflammatory responses, activates
and recruits APCs, and enhances adaptive immu-

nity.201 Co-administration of a plasmid encoding
IL-33 and a plasmid encoding HPV-16/ConE6E7
was been shown to enhance antigen-specific CD4+
and CD8+ T-cell immunity while inducing regres-
sion in established TC-1 tumor-bearing mice.202

IP-10 (CXCL10) is a chemokine that can recruit
effector T-cells and may play a role in effector T-cell
generation. It has also been found to activate
APCs.203,204 It is possible that co-administration
of IP-10 would enhance antigen-specific effector
T-cell functions to generate stronger antitumor
effects. Indeed, co-administration of plasmids en-
coding IP-10 with plasmids encoding E7-NT-gp96
at TC-1 tumor cell inoculation site was able to
significantly suppress TC-1 tumor growth.205

Immune checkpoints negatively regulate the
immune system to maintain self-tolerance and
prevent the development of autoimmune diseases.
However, immune checkpoint pathways are also
exploited by tumor cells to inhibit T-cell immune
responses. Such T-cell immune checkpoint path-
ways involve checkpoint proteins such as CTLA4
and PD1. Checkpoint blockades have therefore
emerged as a promising method to enhance T-cell
function (for review, see Pardoll, 2012206). In mice,
co-administration of soluble PD-1 DNA with the
HPV-16 E7 DNA vaccine was shown to enhance
E7-specific CD8+ T-cell responses and to induce
antitumor effects.207

PD-L1 on tumor cells promotes T-cell apopto-
sis.208 Anti-PD-L1 therapy can block PD-L1 on tu-
mors to prevent induction of T-cell death and
enhance antitumor immune responses. A phase 1b/
IIa clinical trial to evaluate the safety and tolera-
bility, antitumor activity, and immunogenicity of
HPV DNA vaccine MEDI0457 (INO 3112) [a mix-
ture of three plasmids encoding HPV-16/-18 E6/E7
antigens and IL-12] co-administered with durva-
lumab (MEDI4736) [a human monoclonal anti-PD-
L1] in patients with HPV-associated recurrent or
metastatic head and neck cancer is currently being
conducted [NCT03162224].

FasL expressed by DCs can induce apoptosis of
both CD4+ and CD8+ T-cells by binding to Fas, a
death receptor expressed by T-cells.209–211

Through co-administration of DNA encoding short
hairpin RNA that targets FasL with a therapeutic
DNA vaccine encoding for HPV-16 E7 intrader-
mally, the successfully transfected DCs that pres-
ent HPV-16 E7 may lead to the reduction of FasL
expression. Apoptosis of E7-specific CD8+ T-cells is
therefore reduced. In line with this, significantly
stronger E7-specific CD8+ T-cell responses and
stronger CTL responses against E7-expressing tu-
mors were observed.212
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Eliminating immunosuppressive regulatory
T-cells improves immune responses

Tregs have been shown to accumulate in the tu-
mor microenvironment and reduce tumor-associated
antigen-specific T-cell immunity.213 Treg frequency
was not only higher in total peripheral blood in CIN
and cervical patients, but it was also higher in the
subpopulation of CD4+ T-cells.214 In addition, in-
creased infiltration of Foxp3+ Tregs is often associ-
ated with the suppression of immune responses in
HPV(+) tongue squamous cell carcinoma samples
while promoting the progression of tumors.215

Therefore, depletion of Tregs serves as a potential
method to enhance antitumor immune responses in
patients treated with therapeutic HPV DNA vacci-
nation. Agents that have been used in combination
with HPV DNA vaccines to deplete Tregs include
cyclophosphamide and anti-CD25 monoclonal anti-
body (PC61). More potent antigen-specific immune
responses including higher levels of HPV antigen–
specific CD8+ T-cells and stronger antitumor ef-
fects were observed in both studies, compared
with DNA vaccination or Treg-suppressing agent
treatment alone.216,217

CONCLUSION

The development of preventive HPV vaccines has
made considerable progress over the past decade.
With increasing coverage of various HPV strains,
Gardasil�/Gardasil-9� and Cervarix� have pro-
vided the public with a means of thwarting HPV
infections. However, there remains a large number
of individuals with existing HPV infection or HPV-
associated diseases who are at risk of developing
HPV-associated malignancies and cancers. There-
fore, the need for therapeutic HPV vaccines is more
important than ever. The main focus of this review
was to discuss the current therapeutic HPV DNA
vaccines available and being developed for the
treatment of HPV infections and HPV-associated
diseases. Therapeutic HPV DNA vaccines express
tumor antigenic peptides and utilize APCs such
as DCs to provide effective CTL and antibody re-
sponses, allowing for the development of an adap-
tive immune response and immunologic memory.
DNA vaccines are safe, stable, and easy to produce,
demonstrating potential for large-scale clinical dis-
tribution. Many therapeutic HPV DNA vaccines are
undergoing clinical trials to assess safety and effi-
cacy in humans, with the hopes of providing a pos-
sible alternative or addition to current treatment
methods for HPV-associated malignancies, such as
chemotherapy and radiotherapy. There are many
strategies to improve the potency of therapeutic

HPV DNA vaccines, including increasing DC up-
take of HPV antigens, improving DC processing and
presentation of HPV antigens, and enhancing DC
and T-cell interactions. Expanding our knowledge
of APC biology and CTL response generation will
ultimately help advance approaches to optimize
vaccine-based T-cell immunity and further develop
innovative strategies to maximize the efficacy of
therapeutic HPV DNA vaccines. A deeper knowl-
edge of the tumor microenvironments also holds
great potential for improving therapeutic efficacies.

The future of the development of therapeutic
HPV DNA vaccines relies heavily on the vaccine’s
administration in combination with other treatments
to produce synergistic effects. When combined with
therapeutic HPV DNA vaccines, conventional treat-
ments, such as chemotherapy and radiotherapy,
result in enhanced CD8+ T-cell responses and anti-
tumor effects. As a result, the prospect of combining
therapeutic HPV DNA vaccines with chemotherapy
and radiation therapy holds great potential in opti-
mizing therapeutic efficacies.

In addition, further improvements in adjuvant
therapy, prime-boost regimen, and other combi-
natorial methods may provide better therapeutic
HPV DNA vaccine strategies to enhance T-cell
immune responses. For example, a heterologous
DNA prime-recombinant vaccinia vector–based
boost vaccination that targets HPV-16 and HPV-18
E6/E7 was found to be safe and tolerable. This
vaccination strategy was found to generate a more
potent immune response than DNA alone, thus
providing impetus for future strategies to enhance
CTL immune responses.99

Co-administering drugs that activate DCs and
plasmids encoding cytokines that promote T-cell
function also holds potential for eliciting stronger
immune responses. The various methods of vaccine
administration discussed in this review also hold
potential to boost the immunotherapeutic re-
sponses elicited by therapeutic HPV DNA vaccines.
For example, the aforementioned femtosecond la-
ser treatment method has been previously shown
to enhance DNA transfection efficiency adminis-
tered intradermally and intratumorally in vivo.219

As a result, this technology represents a potentially
safe and novel technique to enhance DNA vaccine
potency through better DNA transfection effi-
ciency. Further optimization of this delivery
strategy may provide improvements in DNA vac-
cination for the therapeutic treatment of HPV.

Currently, more research on the effects of com-
bination approaches and their underlying mecha-
nisms is needed to possibly optimize different
synergistic approaches individualized for each pa-
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tient. A previous study has shown that an HPV
DNA vaccine using human CRT linked to HPV-16
E6, E7, and L2 (hCRTE6E7L2) successfully gen-
erated both potent E6/E7-specific CD8+ T-cell
immune responses and L2-specific neutralizing
antibody responses.145 The addition of L2 is es-
pecially imperative as it has been shown to gen-
erate specific humoral immune responses, leading
to a pan-protective effect against different types of
HPV infections.220,221 Thus, hCRTE6E7L2 has
the potential to protect against HPV infection and
generate potent T-cell-based immune responses.
More recently, a study investigating a therapeutic
vaccine employing E7 and L2 demonstrated that
the vaccination was also able to elicit strong L2-
specific immunoglobulin G humoral responses
while still providing modest T-cell-mediated im-
munity.222 This provides excellent prospect for the
future of DNA vaccine research capable of gener-
ating both preventive and therapeutic effects
against HPV infections. With the well-established

effects of prophylactic HPV vaccines, the devel-
opment of future DNA vaccines may combine the
effects of both preventive and therapeutic measures
into a single administration to healthy patients.
These continuous efforts to develop therapeutic
vaccines will help control HPV-associated malig-
nancies alongside conventional HPV treatment
methods.
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