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Worldwide, cervical cancer is one of the most common
cancers in women. This is especially true in developing
countries, where Papanicolaou smear screening, an

effective preventive measure against cervical cancer, is
insufficiently implemented. With growing evidence for human
papillomavirus as a central etiologic factor in cervical
neoplasia, development of a vaccine against this virus has
emerged as an important objective in prevention of cervical
cancer. International efforts in vaccine development have
culminated in advancement of various vaccine strategies and
initiation of human clinical trials. Reports from animal vaccine
trials and early phase | human trials indicate markedly
enhanced immune response through vaccination. However,
the clinical significance of these results requires confirmation
from long-term human trials.

Introduction

Cervical cancer is the second most common cancer among
women [1]. About 450,000 women are newly diagnosed
with cervical cancer each year around the world, and
another 200,000 women succumb to this disease [2,3]. The
development of cervical cancer is strongly associated with
human papillomavirus (HPV) infection. HPV is detected in
more than 99% of cervical cancers and is considered one of
the main factors in carcinogenesis [4].

HPV belongs to the Papovaviridae family of viruses and
has a tropism for epithelia at specific body locations. Over
100 different HPV genotypes have been cloned and
sequenced [5]. Among these, about 35 HPV types infect the
female genital tract [6e]. HPV types 6 and 11 are usually
associated with common genital condyloma and thus pose
a low risk for invasive cervical carcinoma. HPV types 16,
18, 31, 33, 45, 52, and 58 carry a higher risk for cervical
cancer. In fact, HPV 16 is detected in about half of all
squamous-cell cervical cancers [7], and it is the main focus
for a great deal of research in cervical cancer and HPV.

HPV is a double-stranded circular DNA virus with a
genome of about 8000 base pairs (Fig. 1). The HPV genome
can be grouped into early and late genes. The early genes,
E2, E6, and E7, may play important roles in carcinogenesis.
In particular, E6 and E7 are known oncogenes. E6 encodes
for a 16 to 19-kD protein that is present at low levels in
both the nucleus and the cytoplasm [8]. It binds to the
tumor suppressor protein p53 and causes its degradation by
the ubiquitin proteolysis pathway [9]. Also, E6 has been
linked to the telomerase activation and immortalization of
cells. E7 encodes for a 10 to 14-kD protein that has
transforming activity and regulatory functions [8]. It binds
PRB (retinoblastoma-susceptibility protein) and modulates
cell-cycle control.

The functions of E6 and E7 may differ among the HPV
types. The low-risk and high-risk HPV types seem to have
differing binding capacity of their E6- and E7-encoded
proteins to products of tumor suppressor genes [10]. The
low-risk types have very low or no affinity for the p53 and
PRB. The higher-risk types appear to have increased binding
capacity for these tumor suppressor genes and promote
immortalization of cells, possibly leading to tumorigenesis.

The late proteins consist mainly of L1 and L2. L1 is the
major capsid protein for the papillomavirus, and it is the
most antigenic of the HPV-encoded proteins [8]. L2 is the
minor capsid protein. The capsid proteins form the icosa-
hedral capsids with 72 capsomers to enclose the HPV
genome [11]. The discovery that these capsid proteins
could form virus-like particles without their genome con-
tributed to HPV vaccine development [12]. Prior to this
discovery, because HPV could not be easily cultured in the
laboratory, attenuated forms of the virus could not be
developed as a vaccine. This conventional approach to the
development of viral vaccines has not been useful in HPV
and has hindered vaccine development for cervical cancer.

HPV Vaccine Strategies

In cervical cancer vaccine development, the induction of
immunity to HPV proteins E6, E7, L1, and L2 plays a crucial
role in the strategy against HPV infection and subsequent
HPV-related precancerous and cancerous lesions (Tables 1
and 2). Both cellular and humoral immunity are important
to mount an immune response against this virus. E6 and E7
expression has been identified in cervical dysplasia and in
cervical cancer tissue [13,14]. The presence of E6 and E7
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Figure 1. HPV-16 genomic map.

throughout the precancerous and cancerous stages makes
them ideal targets for vaccine development. This type of vac-
cine would be useful in therapy for tissues that are already
infected with HPV as well as in primary prevention.

L1 and L2 encode capsid proteins and are known to be
highly antigenic [8]. Recent research has focused on using
these proteins to elicit a strong humoral immune response
from the host. This prophylactic vaccine should elicit anti-
bodies against these capsid antigens and theoretically pro-
tect the genital epithelia from HPV infection. This
hypothesis is based upon the observation that the natural
immune response to HPV infection involves a robust
humoral immune response from the host [13]. Recently,
af-Geijersstam et al. [15] showed that HPV-16 capsid type-
specific antibodies were detected in 33% of HPV-negative
women, 55% of HPV-infected women with no lesions, and
72% of adult women with cervical dysplasia. Such anti-
bodies seem to clear HPV from healthy, sexually active
women, with only a very small subset of women develop-
ing progressive cervical dysplasia. Interestingly, humoral
immune suppression does not increase HPV-associated
cervical lesions, suggesting that HPV immunity is still
incompletely understood [16]. However, in hosts with
depressed cellular immune systems, such as HIV and trans-
plant patients, a marked increase in the incidence of HPV-
related precancerous and cancerous lesions is reported
[17-19]. Thus, both humoral and cellular immunocompe-
tence seem to be critical to HPV surveillance and clearance.

Vaccine strategies for cervical cancer have been grouped
into therapeutic and preventive approaches. The ubiqui-
tous presence of E6 and E7 in the cellular cytoplasm during
all stages of cervical neoplasia makes these proteins ideal
targets for therapeutic vaccines [13]. These vaccines would

elicit a cellular immune response and cytotoxic T lympho-
cytes (CTL) to eradicate the infected cells and tissue. In
contrast, humoral immunity may be more important in
preventive vaccines. Vaccines that target HPV capsid pro-
teins and elicit an antigenic reaction from the host through
the humoral immune response stimulating mucosal
immunoglobulins (IgA and IgG) would be expected to pre-
vent HPV from entering the host.

Ideally, effective HPV vaccination would elicit both
humoral and cellular immunity. Indeed, clinical trials and
animal model experiments of these vaccines have shown a
combination of cellular and humoral immune system
induction. Vaccines can also be categorized into peptide
and DNA-based strategies. For example, peptide vaccines of
early proteins, viral capsid protein vaccines, and E6 and E7
DNA vaccines have been studied. In efforts to augment
immunity, various adjuvant agents, such as alum and
Freund'’s adjuvant, have been used to increase the potency
and immunogenicity of the molecules.

Animal and Human Trials of HPV Vaccines
Until the development of virus-like particles (VLP), HPV
vaccine research was rudimentary and unsuccessful. It was
demonstrated that the major capsid protein L1 alone can
self-assemble and form an HPV-like viral particle. These
particles, which do not contain DNA, not only resembled
the wild-type HPV icosahedral virion but also induced
high titers of antigenicity when given to animals [20,21].
Prior to this discovery, HPV vaccine experiments involved
denatured L1 capsid proteins and only elicited minimal
immune response within the vaccinated animals [22,23].
The main advantage of VLP-based vaccines was that VLPs
were readily produced through the use of recombinant
bacteria, insect cells, and eukaryotic cells. At the same time,
VLPs could elicit high immune response without involving
the virulent HPV genome.

Along with the difficulty in culturing HPV in the labo-
ratory, another problem with HPV was that it did not cross-
infect other species. This meant that VLPs derived from the
human virus strain could not be tested in animals. Subse-
quent animal studies had to involve animal VLPs with cor-
responding animal papillomaviruses, such as the cottontail
rabbit papillomavirus (CRPV), canine oral papillomavirus
(COPV), and bovine papillomavirus type 4 (BPV4).
Immune response experiments using animal VLPs showed
that VLP vaccination protected the animals from their
respective papillomaviruses [24-27]. The protection was
durable and lasted at least 1 year.

There was also concern that these parenterally adminis-
tered vaccines might not produce enough IgG and IgA at
the cervicovaginal epithelia to neutralize HPV before infec-
tion. Several elegant studies have shown the mucosal effects
of VLP vaccines. Nardelli-Haefliger et al. [28] demonstrated
that mucosal immunity in both the nasal and genital
system could be induced when VLPs were administered
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Table |I. HPV-16 encoded proteins

Protein Function

El Orrigin recognition protein; forms a complex
with E2 to facilitate viral replication

E2 Regulates viral DNA transcription and

replication; suppresses the promoter from
which E6 and E7 proteins are transcribed

E4 Contained completely within the E2 open
reading frame; reported to disrupt the
cytokeratin matrix

E5 Small hydrophobic membrane protein;
appears to bind and activate growth factor
receptor

E6 Oncogene; has transforming and
immortalizing functions; suppresses p53

E7 Oncogene; has transforming and

transcriptional regulatory functions;
suppresses pRB
LI Major capsid protein; highly antigenic
L2 Minor capsid protein

HPV—human papillomavirus;
pRB—retinoblastoma-susceptibility protein.

intranasally. This concept supports the theory that all body
mucosal surfaces share a common immune system, pre-
venting the entrance of pathogens into the body.

Further work on the nasal vaccination with HPV-16 VLPs
continued with Dupuy et al. [6¢]. These investigators added
cholera toxin as an adjuvant and were able to show that, in
addition to the IgA and IgG in the murine mucosal secre-
tions, CD4+ and CD8+ activation were also demonstrated,
indicating stimulation of both humoral and cellular
immune response. Furthermore, Revaz et al. [29] showed
that, in addition to prophylactic immunity, the VLP nasal
vaccine can also induce antitumor immunity in a murine
model. This confirmed the previous finding of dual
activation of the cellular and humoral response from the
nasal VLP vaccine [6¢,30]. The mechanism of CIL induction
appears to be related to VLP processing by antigen-presenting
cells. L1 and L2 protein are presented through the major
histocompatibility I (MHC) pathway and elicit CD8+ and
CIL activation, as noted by Rudolf et al. [30].

An international human VLP clinical trial was
recently concluded at The Johns Hopkins University
Center for Inmunization Research [31ee]. This was the
first double-blinded, randomized, placebo-controlled,
phase I safety and immunogenicity trial of a VLP prophy-
lactic vaccine in humans. Fifty-eight women and 14 men
were selected for this trial, with these subjects deter-
mined to be at low risk for HPV-16 exposure. Their HPV-
16 serostatus was determined prior to the start of the
vaccination, and six subjects were found to be seroposi-
tive. The serologic levels of these six subjects established
the baseline natural serologic level for HPV-16 exposure.
After vaccination, no adverse complications were noted,

and the vaccine was well tolerated. Whether vaccinated
with or without the adjuvant, the majority of the vacci-
nated human subjects showed increased serum antibody
titer that was about 40-fold higher than the level in those
who were naturally seroconverted. In summary, the vac-
cine did induce an immune response from the host. The
clinical significance of this finding will remain unknown
until more trials are completed.

Earlier human vaccine trials have been limited for the
most part to patients with advanced cervical cancer and
have focused on eliciting a therapeutic response. E6 and E7
were the main targets for these vaccine trials. Borysiewics et
al. [32] reported administering live recombinant vaccinia
virus expressing the E6 and E7 proteins of HPV-16 and
HPV-18 to patients with stage IB to IIIB and recurrent cervi-
cal cancer. A total of eight patients were recruited, and
none of the participants had any side effects from the vacci-
nation. However, only one patient showed any conclusive
specific CTL response for the vaccine. Interestingly, all eight
patients mounted an antivaccinia virus antibody reaction,
making further immunization with this vector problematic
because host immunity would be expected to destroy the
vaccine/vector before HPV immunity could develop.

Viral vectors represent one of the major ways to deliver
E6 and E7 genes to targeted cells and to promote produc-
tion of antigenic proteins inside the host. Gene therapy tri-
als have studied many viral vectors, especially adenovirus.
These viral vectors became useful in vaccine development.
The underlying concept has been that the delivery of genes
and translation of viral proteins would induce CTL after
MHC I-dependent antigen presentation. Although recom-
binant genes are used with minimal transformation activ-
ity, there is always the risk of DNA integration into the host
genome by the oncogenes.

In addition to VLPs and viral vectors, peptide vaccines
using E6 and E7 proteins have also been employed in clini-
cal trials. Steller et al. [33] tested the HLA-A*0201-
restricted, HPV-16 E7 peptide vaccine in a nonrandomized
phase I trial involving women with refractory vaginal and
cervical cancers. Twelve patients were recruited and were
given four inoculations of the vaccine at 3-week intervals,
with no apparent side effects. Although no clinical
response from the vaccination was reported, this study
showed that, even in these advanced-stage patients, a spe-
cific cellular immune response could be generated and
even be augmented by peptide vaccination. Similarly, van
Driel et al. [34] recruited HLA-A*0201-positive patients
with HPV-positive cervical carcinoma for a phase I/1I clini-
cal trial. HPV-16 E7 peptides with two CTL epitopes were
used to vaccinate 19 patients, again with no adverse effects.
These findings further bolster the notion that vaccines can
be safely carried out and are feasible even in advanced-
stage cancer patients. However, in a follow-up report by the
same group, no specific CTL response against the HPV-16
E7 peptides was reported [35].
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Table 2. HPV vaccine strategies

especially E6 and E7

Vaccine type Components Function

VLP LI and L2 capsid proteins Mostly induces strong humoral immune
response; main prophylactic vaccine approach

Peptide Peptides of CTL epitopes, especially E6 and E7 Mostly induces cellular immune response; use of
immunogenic epitopes from E6 and E7 for
therapeutic vaccine

DNA DNA segments that encode for the HPV genes,  Appears to induce humoral and cellular immunity

when different vaccine potency enhancement
modalities are used

CTL—-cytotoxic T lymphocyte; HPV—human papillomavirus; VLP—virus-like particle.

Unlike the vaccine trials involving advance-staged can-
cer patients, Muderspach et al. [36] presented their findings
from a peptide vaccine trial in patients with high-grade cer-
vical and vulvar intraepithelial neoplasia. This trial
involved patients with precancerous lesions who were
HLA-A2-positive and HPV-16-positive. The HPV-16 E7
peptide with incomplete Freund’s adjuvant was adminis-
tered to 18 patients. Results indicate that peptide vaccina-
tion in a precancerous lesion can augment cellular
immune response. However, the data do not show whether
the vaccine can eradicate HPV from the lower genital tract
or induce lesion regression.

The MHC restriction requirement of the peptide
vaccine makes it an unattractive option when compared
with other options. Moreover, tumor-specific antigens that
create clinically significant immunity are rare. Thus, future
peptide vaccines will need improved CTL epitopes to
increase immunogenicity.

Unlike peptide vaccines, DNA-based vaccines are not
bound by the limitations of MHC restriction. Also, DNA
vaccines allow for large-scale production and high purity,
making DNA a more attractive vaccine strategy than the
protein counterpart. Shi et al. [37] tested their DNA vaccine
containing the HPV-16 E7 gene in a murine model. Know-
ing that the E7 gene and its encoded protein has a trans-
forming activity, they selected for a mutant that had its zinc
finger motifs disrupted. This markedly decreased the
transforming activity of the protein. The disruption of the
zinc finger also resulted in destabilization of the encoded
E7 protein. From these murine model vaccination experi-
ments, the mutant E7 DNA vaccine had a highly immuno-
genic effect, with marked elevation in E7-specific CTL
response. Also, the mice were 100% protected from the
tumor challenge. These results suggest that HPV-DNA vacci-
nation is a viable option in human vaccine development.
Furthermore, the observation that unstable E7 proteins can
enhance the stimulation of CTL through MHC I-dependent
antigen presentation may be clinically significant.

In contrast to attenuated viral vaccines, which pro-
duce immunity through altered growth cycles (ie, low-
grade infection), DNA vaccines do not have the ability to

propagate, limiting their effectiveness, compared with
standard attenuated viral vaccines such as mumps and
rubella. In an attempt to enhance the immunity of DNA-
based vaccines, heat shock protein genes have been fused
to HPV gene vaccines (Table 3). This concept was initiated
in HIV vaccine studies to elicit enhanced humoral and
cellular immune response [38]. Chen et al. [39¢] linked
the full-length HPV-16 E7 gene and Mycobacterium tuber-
culosis heat shock protein 70 (hsp 70) and administered
the vaccine in a murine model. The fused DNA vaccine
increased the E7-specific CD8+ cells by at least 30-fold,
compared with the wild-type E7 gene. Liu et al. [40e¢]
also vaccinated the murine model with fused DNA HPV-
16 E7 CTL epitope and hsp 70. They did not vaccinate
with a naked DNA but rather used the adenovirus as a
delivery viral vector. By using the adenoviral delivery sys-
tem, they were able to prime both the cellular and
humoral immune response. This method appears to have
stimulated both the MHC class I and II processing path-
ways in antigen-presenting cells. The Mycobacterium bovis
bacille Calmette-Guérin (BCG) heat shock protein 65
(hsp 65) has also been used as a fused protein [41].
Unlike other heat shock protein-augmented vaccines
with DNA, this was a fused protein vaccine with HPV-16
E7 and Mycobacterium BCG HSP. In a murine model, an
augmentation in CTL by the presence of HSP was noted.

In addition to HSP, other genes have been fused to HPV
to increase immunogenicity. For example, construction of a
chimeric gene by linking the endosomal/lysosomal
targeting signal with the HPV gene has been shown to
increase the potency of this DNA vaccine. Ji et al. [42¢] fused
endoplasmic reticulum translocation signal peptide (Sig)
and lysosome-associated membrane protein 1 (LAMP-1) to
HPV-16 E7 to construct a chimeric DNA vaccine. Their
hypothesis was that endosomal/lysosomal compartment
rerouting can augment MHC II pathway presentation. Their
murine vaccine trial showed an increased number of E7-
specific CD4+ helper T cells and greater E7-specific CTL
activity. This study showed that, as with HSP, fusing of the
E7 to the endosomal/lysosomal targeting signal may pro-
foundly enhance the potency of the DNA vaccine.
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Table 3. Approaches to enhance HPV DNA vaccine potency in animal models

Approach Function

Heat shock protein (HSP)
Endoplasmic/lysosomal targeting domains

Dendritic cells (DCs)
GM-CSF

Fms-like tyrosine kinase 3-ligand

Enhances the humoral and cellular immune response by being fused with HPV genes;
functions as an adjuvant

Reroutes HPV E7 to be processed through MHC Il presenting pathway; enhances
generation of CD4+ helper T cells and CD8+ CTLs

DCs pulsed with HPV-E7 gene induce generation of E7-specific CTL response

Appears to induce maturation of dendritic cells; when linked with HPV antigen, acts
as a strong immunostimulatory signal, thus enhancing immunity

Has growth-stimulatory effect on dendritic cells; when linked with HPV antigen,
strongly enhances potency of DNA vaccine

MHC—major histocompatibility complex.

CTL—cytotoxic T lymphocyte; GM-CSF—granulocyte-macrophage colony-stimulating factor; HPV—human papillomavirus;

Another approach to increasing the potency of DNA
vaccines has been through the use of dendritic cells (DC),
which are highly efficient antigen-presenting cells that
activate immune responses. Wang et al. [43ee] transfected
DCs with the E7 gene to construct a DC-E7 vaccine, which
was then administered in a murine model. Their study
showed high E7-specific antibody, CD4+ T-helper cells,
and CD8+ T-cell precursors. The potency of the vaccine was
highest in the intramuscular route of delivery. Similarly, de
Bruijn et al. [44¢] pulsed the DCs with HPV-16 E7 proteins
and were able to elicit E7-specific CTL response. The vacci-
nated mice were then challenged with tumor cells, and the
mice showed enhanced tumor protection.

In HIV vaccine studies, it has been demonstrated that
granulocyte-macrophage colony-stimulating factor (GM-
CSF) gene linked with an antigen gene can augment the
potency of DNA vaccination against HIV [45]. This has also
been shown in hepatitis [46]. It appears that GM-CSF linked
with an antigen acts as a strong immunostimulatory signal,
enabling the maturation of the DCs and thus stimulating
immunity. Chang et al. [47¢] linked GM-CSF with HPV-16
E7 in a C75/BL/6 [H-2(b)]-derived melanoma cell line.
These vaccine cells were then administered in the murine
model. Marked antitumor activity was detected in the
vaccinated mice, and E7-specific CTL activity was readily
demonstrated. Similar to GM-CSE, another important
molecule that is capable of growth-stimulatory effect on the
DCs is Flt3 (Fms-like tyrosine kinase-3)-ligand (FL). Hung et
al. [48ee] constructed a fused gene with HPV E7 and the
extracellular domain of FL. This fusion vaccine showed
greatly enhanced potency through the MHC I pathway.

E6 and E7 are the primary nonstructural HPV proteins
in use for therapeutic vaccine development. L1 and L2 are
used for the development of prophylactic vaccines.
Chimeric vaccines involving both the capsid protein and
E6 and E7 have been explored in an effort to develop a
vaccine with both prophylactic and therapeutic potential.
Greenstone et al. [49¢] constructed a chimeric VLP (CVLP)
with HPV-16 L1 and either E7 or E2 fused to the L2 minor
capsid protein. A vaccine trial in a murine model showed

that the vaccinated mice were protected from the tumor
challenge. This indicates that, in addition to being able to
generate humoral response, a CVLP containing the HPV
early genes can also elicit cell-mediated immune response.
Jochmus et al. [50] report a similar experience with HPV-16
L1 fused with E7.

Conclusions

HPV vaccine development for cervical cancer prevention is
an active area of research. From the capsid protein-targeted
vaccines to dendritic cell-stimulated DNA vaccines, many
different approaches are being explored. With the recent
report of a successful double-blinded, randomized clinical
trial, many more trials of differing vaccines are sure to
follow. Currently, vaccine strategies are rapidly advancing. In
animal and human trials, many of these vaccines appear to
enhance both the humoral and the cellular immune
response. However, whether the promising results derived
from animal models and early phase | human vaccine trials
can translate into successful cervical cancer vaccine develop-
ment with clinical significance is not known.
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