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1. ABSTRACT
types also cause recurrent laryngeal papillomas in young
children, with frequent laser surgical ablation necessary to
maintain an open airway (2). This type of HPV infection can
be associated with considerable morbidity but rarely with
malignancy. Immunological approaches to treatment of HPV
associated benign lesions would clearly be very useful.

The considerable morbidity and mortality associated
with certain human papillomaviruses (HPV) has provided the
impetus for HPV vaccine development. The design of such
vaccines has evolved from an understanding of the nature of
HPV infections and their consequences, together with evaluation
of the efficacy of different approaches to vaccination in animal
models. These studies have culminated in the production of
several different vaccine preparations which are currently
undergoing Phase I and II clinical trials. The justification for the
widespread implementation of prophylactic HPV vaccines will
depend on the outcome of larger scale studies of vaccine
efficacy that take into account the epidemiology of HPV
infections and associated disease. The usefulness of therapeutic
HPV vaccines will require evidence that they can substantially
augment or substitute for the effectiveness of currently available
treatments.

The evidence for the association of certain HPV
types with the etiology of cervical neoplasia is firmly established,
with HPV detected in up to 98% of all cervical cancers (3-5).
Of the fifteen HPV types isolated from cervical carcinomas,
HPV16 and HPV18 are most frequently detected. Cervical
cancer is the second most common cause of cancer related death
in women, and in some developing countries, it accounts for the
highest cancer mortality (6). This malignancy is preceded by
dysplastic precursor lesions which can be histologically classified
(cervical intraepithelial neoplasia, CINI-III) on the basis of
progressive cellular atypia and disturbed epithelial architecture.
HPV prevalence rates of up to 70% in women with CINI and
75-100%for CINII/III have been reported (7-9). Cervical
screening programs exist to reduce incidence, morbidity and
mortality from cervical cancer, and they have had a measurable
effect in some Western countries (10-13). However such
programs will not eliminate HPV, due to the occurrence of
asymptomatic infection, and they are also costly and difficult to
implement in developing countries. A strategy for management
of cervical neoplasia world-wide could be the development of
prophylactic and/or therapeutic HPV vaccines.

2. INTRODUCTION: WHY HPV VACCINES?
Papillomaviruses (genus Papillomavirus of the
Papovaviridae family) are associated with cutaneous or mucosal
benign and malignant lesions in many species including humans.
Over 95 types of human papillomaviruses (HPV) have been
classified on the basis of DNA sequence homology, with the
latter correlating with biological behavior and tissue tropism (1).
For example, HPV 6 or 11 are found in benign anogenital
warts which although not life threatening may be refractory to
conventional treatment and frequently reoccur. These HPV
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This review will discuss the natural history of HPV
infection, viral immunity and the clinical course of resultant
disease as the background to the effective design and use of
HPV vaccines for protection or therapy.

retinoblastoma (Rb) respectively; these proteins play a pivotal
role in the negative regulation of growth (reviewed in 20). E6
from oncogenic HPVs bind to p53 with high affinity, resulting in
loss of p53-dependent functions including G1 arrest and
apoptosis. The consequence of binding of E7 to Rb is to
prevent Rb-binding and sequestration of E2-F transcription
factors leading to disruption of cell cycle control.

3. VACCINE DESIGN: CHOICE OF TARGET ANTIGENS
3.1. HPV life cycle
Studies of the natural history of HPV infection
provide information as to when, where and in what quantities
different viral genes are expressed. This, together with a
knowledge of how viral protein expression is altered in the
process of malignant transformation, can help to determine the
most appropriate antigens for vaccination.

In initial infection, HPV is present as an episome, but
in the majority of more advanced lesions and invasive tumors
HPV is integrated into the host genome (21, 22). E6-E7
transcripts from integrated HPV genomes have increased
stability compared to episomally derived viral mRNA, and there
is increased expression in more severe lesions and cancers (23).
This may result from disruption of the E2 gene during
integration. Following integration, viral particles can no longer
be produced, but continued E6 and E7 activity prolongs the cell
cycle, leading to the loss of effective DNA repair mechanisms.
This provides the opportunity for the accumulation of genetic
changes in a multistep process that can result in the development
of cancer. Thus, numerical and structural chromosomal changes
in cervical cancer are common, and allelic losses have been
observed in many different chromosomal regions (24-26).

HPVs are icosehedral non-enveloped viruses
containing double stranded circular DNA molecules of
approximately 8Kb; the genome contains eight open reading
frames (ORF) and a non-coding region containing transcription
regulatory sequences and the origin of replication. The early (E)
ORFs encode proteins involved in DNA replication, transcription
and cellular transformation while two ORFs in the late region
encode the capsid proteins L1 and L2.
HPVs are exclusively epitheliotropic, and their
infectious cycle is dependent on the life history of the epithelium,
where cells migrate from the basal layer, differentiating as they
progress to be exfoliated from the surface and replaced by cells
from below. Primary HPV infection is thought to occur in either
the basal or parabasal cell, and subsequent viral protein
expression correlates with the differentiation stages in the
spinous layers (reviewed in 14). Following penetration of the
epithelium by an as yet unknown mechanism, the virus particles
composed of capsids formed from the major (L1) and minor
(L2) late proteins interact with surface molecules of the target
cell and facilitate entry of the viral DNA (15); the alpha (6)
integrin has been identified as a candidate receptor for
papillomaviruses (16). Initially, the immediate early proteins E1,
E2 and E5 can be detected. The E1 and E2 ORFs each encode
DNA binding proteins; their products are required to maintain a
stable viral episome. The E1 protein is a DNA-dependent
ATPase and a DNA helicase required for both initiation and
elongation of DNA synthesis (17). The functions of E2 include
the positive and negative regulation of viral gene expression
through specific interaction with the early promoter. In the
lower spinous layers, E6 and E7 are expressed in addition to the
other early proteins; they are involved in regulating cell
proliferation, interfering with the host cell cycle control
mechanisms to activate cellular DNA synthesis which seems to
be essential for viral vegetative DNA replication. In the upper
spinous layers, vegetative DNA amplification and virus assembly
occurs with expression of L1 and L2 proteins. Although encoded
within the early region, E4 protein expression is also largely
restricted to the upper spinous layers; the precise role of E4 is
unknown, but it interacts with the keratin intermediate filaments
in cultured epithelial cells (reviewed in 18). Mature virions are
released from exfoliating cells.

3.2. Target antigens for prophylaxis or therapy
Both prophylactic and therapeutic vaccines could
have a role in combating HPV-associated disease.
A
prophylactic vaccine would aim to prevent HPV infection by
generating an effective immune response at the site and time of
infection, thereby inhibiting the establishment of long-term
infection and re-infection. Such a vaccine would most benefit
individuals at greatest risk of exposure to HPV. For HPV types
associated with cervical neoplasia, a suitable population could be
young women at the onset of sexual activity, since it is in this
group that the highest prevalence of HPV infection has been
measured. Therapeutic vaccination on the other hand would be
directed at the elimination of established infection, both in benign
and malignant disease. Initially, therapeutic vaccination would
be likely to be administered as an adjuvant to conventional
treatment.
Although targets responsible for immune regression
of HPV-induced lesions have not been clearly identified, the
available data suggest that HPV viral proteins can be
immunogenic, and taking into account the HPV life cycle, the
most suitable candidates for prophylactic and therapeutic
vaccines are likely to be HPV L1/L2 or E6/E7 genes and their
products respectively. Relatively little is known about the
immunogenicity of other viral products in humans, however E2
could provide a suitable target for therapeutic intervention in low
grade dysplasias.
A prophylactic immunogen should
be in a
conformation that induces neutralizing antibodies that recognize,
bind to and prevent the spread of virus particles produced
during natural infection. However, cell-mediated surveillance of
virally-infected cells would also be important in the ultimate
resolution of the infection. The lack of an in vitro propagation
system for the production of HPV virions has hampered the
availability of suitable material for prophylactic vaccine
development. The discovery that expression of the major capsid
protein L1 in eukaryotic cells resulted in self-assembly into viruslike particles (VLPs) was a major advance (27, 28). VLPs are
morphologically indistinguishable from native virions, and

In the HPV types associated with malignant
transformation, it is clear that E6 and E7 are the predominant
transforming proteins, although E5 can also show oncogenic
potential (19). The major mechanism by which oncogenic
HPV- E6 and -E7 contribute to the development of cervical
cancers is by functional interaction with the cell proteins p53 and
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conformational epitopes required for the induction of neutralizing
antibodies are preserved (28).

(particularly IgG1, IgE and IgA) through IL-4 and IL-5
secretion. T helper cells also differ in their response to
cytokines, for example IL-12 promotes the development of Th1
cells whereas Th2 cells are responsive to IL-10. However, this
classification is not absolute, particularly in humans, and most
successful immune responses probably require coordination of
both Type 1 and Type 2 responses (39, 40). Interestingly,
antigen-stimulated Th cells can also influence the direction of an
immune response through their interaction with CD40 expressed
on dendritic cells; dendritic cells thus activated can then directly
stimulate CTLs (41-43). It is therefore clear that the primary
events in antigen presentation are critical in determining the
outcome and putative efficacy of an immune response.

Virus particles are not made in cervical lesions and
tumors where HPV integration has occurred, thus the induction
of immunity to HPV late proteins could not be effective in
eliminating such lesions. However, in malignant lesions, there is
constitutive protein expression of HPV E6/E7 antigens, making
them attractive targets for therapeutic vaccines. In addition,
since E6 and E7 are required for continued tumor growth, the
problem of tumor heterogeneity encountered for other cancer
vaccines (where tumor-associated antigens may cease to be
expressed), may not be an issue in the design of HPV
therapeutic vaccines.

HPV infections do not spread systemically, and
natural anti-HPV immunity presumably has to be induced at
mucosal sites. The common mucosal immune system is
separate from the systemic immune response, with a bias
towards T helper responses important for the induction of
mucosal IgA responses although mucosal immunization can
induce systemic antibodies. Immune responses in the female
genital tract also have to be effective in the face of an
environment which fluctuates with the menstrual cycle;
hormonal levels can affect CTL activity, and local cytokine
conditions will also influence the type of immune response
generated (44). Many studies have looked for immune
responses to HPV in patients with overt disease as well as in
individuals with asymptomatic infection, but the systemic
responses observed may not necessarily be representative of the
type or efficacy of immunity at the site of HPV lesions, although
they are relevant to locally invasive and disseminated disease in
cancer patients. The pattern of immune responses in individuals
with regressing lesions and those where HPV infection resolves
without any overt lesion are most likely to identify the critical
components (what type of response against which viral antigens)
in the natural control of HPV infection. In addition, a
knowledge of the immune response to HPV in patients with
persistent/progressing lesions or malignant disease is also
important in selecting the viral antigens most likely to induce
successful therapeutic immunity and in monitoring vaccine
efficacy.

3.3. Natural immunity against HPV
The natural component of viral clearance in HPV
infections is not known, but the increased frequency of HPVassociated lesions in individuals with depressed cell-mediated
immunity suggests that the immune response normally has a
role in controlling HPV infection (29-31). Most viral infections
are eliminated by cell-mediated responses, and humoral
immunodeficiency does not result in an increase in HPV lesions,
making it unlikely that antibodies alone are responsible for viral
clearance (32). The majority of apparently immunocompetent
individuals infected with HPV are able to clear the infection with
no further consequences, but persistent infection is correlated
with progression of cervical disease (33, 34). However, even
where there is cervical dysplasia in addition to HPV infection,
lesions often regress spontaneously, particularly in younger
individuals and where the dysplasia is mild (reviewed in 35).
Spontaneous regression of genital warts is also common.
It is not understood why HPV infections persist in
some healthy individuals. The underlying cause may be the
same as that responsible for the development of lesions in
immunosuppressed patients (i.e. a failure to develop viral
immunity), due to host immunological and/or genetic factors.
Recently, a p53 polymorphism has been identified that is more
susceptible to HPV E6-mediated degradation, conferring a
significant risk factor for the development of HPV-associated
cancers (36). Alternatively, some infections may result in escape
from the normally effective immunity. For example, cutaneous
warts may persist because they do not present any ‘danger’ to
the host (see 37) and then can suddenly disappear, presumably
because they become visible to the immune system. For some
progressive cervical lesions, the immune system may not be
triggered until after HPV integration and other cellular events
contributing to malignant transformation have occurred,
compromising the relevance of such immunity in resolving the
malignant lesion.

Regressing genital warts are characterized by
increased infiltration of activated CD4+ T cells and macrophages
(45). Inflammatory Th1 cells, macrophages and NK cells
together with increased HLA class I and II expression are seen
in genital wart biopsies from patients responding to treatment
with IFN gamma and IFN alpha 2a (46). There are few studies
of T cell function at the site of genital warts, however in a study
of wart infiltrating lymphocytes, specific proliferative responses
to HPV-6/11 L1 peptides were evident in the majority of
patients whereas proliferation in response to HPV6/11-E7
protein and/or peptide only occurred in 15% of patients.
Proliferative responses to E7 were more frequently detected in
peripheral blood lymphocytes, so it is not clear whether they are
relevant to the disease course (47).

Antigen presenting cells (APCs) are critical for the
induction of all T cell-dependent immune responses. Dendritic
cells are the most potent APCs, with a unique capacity to
stimulate naïve T helper and cytotoxic cells and initiate a
primary immune response. T helper cells stimulate different
types of immunity, depending on the pattern of cytokines that
they secrete, thereby defining Type 1 and Type 2 responses
(38). Type 1 T helper (Th1) cells secrete gamma -interferon
(IFN), tumor necrosis factor and interleukin-2 (IL-2) important
for the generation of delayed type hypersensitivity (DTH)
responses and cytotoxic T cells (CTLs) whereas Type 2 T
helper (Th2) cells principally support antibody responses

In the cervix, the frequency of Langerhans cells
(epithelial dendritic cells) is inversely correlated with disease
severity (48-51). A lack of these professional antigen presenting
cells may result in no immune response or the initiation of an
inappropriate one (52, 53).
However, tumor infiltrating
lymphocytes are detectable in cervical cancer, and a recent
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study detected tumor and local lymph node -derived CTLs with
specificity for HPV16 -E7 (54-57).

antibodies could have a role in eliminating established HPV
infection. It seems more likely that they develop as a bystander
effect of prolonged exposure to HPV and increasing viral load.

It might be expected that effective T helper responses
to L1 would emerge at the early stages of infection, when late
protein synthesis occurs as part of the production of infectious
virions.
But L1 responses might be sustained even in
progressive CIN lesions because of continued virus production
separate from the transformed cells with integrated viral DNA.
T helper responses to L1 presented as peptides or as VLPs have
been detected in vitro by proliferation and IL-2 release assays
respectively in CIN patients as well as controls, but responses
are not found more frequently in patients with low grade
lesions (58, 59); there also is a trend towards a decrease in Th1
type responses with increasing grade of dysplastic lesion (60).
Serological assays using virus-like particles (VLPs)
indicate that a high proportion of individuals exposed to HPV
with and without cervical lesions develop systemic antibodies to
L1 and/or L2 (61-68). In addition, IgA antibodies against capsid
proteins are found in cervical secretions (69). These Thdependent antibody responses do not predict HPV clearance,
but not all conformational-dependent antibodies are necessarily
neutralizing, therefore the pattern of L1 antibodies detected may
not correlate with efficacy of HPV elimination (70). Neutralizing
antibodies may be an effective way of preventing viral infection
and spread, but cell-mediated surveillance of virally infected cells
may also be important in the ultimate resolution of infection and
disease. Perhaps not surprisingly, HPV type-specific L1
antibodies are found less frequently in patients with invasive
cancer, where HPV is usually integrated, and the ability to make
viral particles is lost (62).

Th1 responses to E7 are likely to be relevant to the
generation of E7-specific CTLs which would be predicted to be
an effective mechanism for the elimination of cervical lesions,
providing other factors (local cytokines, expression of HLA and
accessory molecules) were optimal. CTLs are generated
following the presentation of immunogenic peptides by HLA
class I antigens on professional antigen presenting cells such as
dendritic cells, and usually require Th1 help. Candidate peptide
epitopes from HPV16 E6 and E7 which could be presented by
the most common HLA-A alleles have been identified; some of
these elicit peptide-specific CTLs which have activity against
HLA-matched tumor cells. However, the frequency of
individuals where CTLs can be detected following in vitro
stimulation with such peptides is low (83-87). There may be a
paucity of circulating HPV-specific CTLs in peripheral blood; a
comparison of peptide-specific responses in peripheral blood,
local lymph node and tumor infiltrating lymphocytes from cancer
patients indicated that HPV-specific CTLs were more abundant
at the site of antigen exposure (57). The CTL detection
methodology is limited by HLA and peptide whereas in vitro
restimulation with adenovirus recombinants expressing HPV E6
and E7 allows responses to reflect the presentation of multiple
naturally processed peptides in the context of the host HLA
genotype. Using this method, HPV-specific CTL responses in
the peripheral blood of 6/10 CIN III patients were detected, but
no responses were seen in healthy controls, suggesting the
presence of naturally occurring HPV-specific memory CTLs
(88). To date, no studies of CTL responses in relation to
disease course have been reported, however CTL killing of
HPV-vaccinia targets elicited in vitro by stimulation with E6 and
E7 fusion proteins were more frequently detected in HPV16
positive patients that had no evidence of disease compared to
those with CIN (89).

Th responses to HPV16 E7 are found in CIN patients
but are less frequently observed in cervical cancer patients,
possibly reflecting a failure of correct E7 presentation for the
maintenance of E7-specific T cells, or genetic
unresponsiveness(71-78). There is no clear relationship between
E7 responses and disease severity or outcome in CIN patients.
For example, in patients treated for CIN, T cell proliferation to
HPV16 E6 and E7 peptides was found to be predictive for the
subsequent clearance of HPV DNA (75). However, it is
possible that the HPV-specific responses in these patients were
generated as a consequence of taking the biopsy, creating an
adjuvant effect on maintaining viral clearance. This would be
compatible with the observation that in patients followed
longitudinally without intervention, there was an association of
Th responses (measured by IL-2 release) with viral persistence
and high grade premalignant lesions whereas in patients who
cleared their infections, high responses detected around the time
of viral clearance subsequently declined (73). The observed
cellular immunity in patients with resolving or persistent lesions
may be reconciled by the common factor of antigen load
reaching a threshold, either as part of the natural resolution of
the disease or its progression.

In summary, there is evidence that HPV infection and
associated malignancy can induce humoral and cellular
immunity to capsid and oncogene viral proteins but the role of
such responses in resolution rather than as a consequence of the
disease is not clear.
4. CANDIDATE VACCINES
4.1. Animal models
Different candidate HPV vaccines have been
developed and their immunogenicity and, where possible,
efficacy in protection or therapy evaluated in different animal
models. Some studies have immunized mice directly, for
example HPV16-E6 or E7-transfected cell lines induced CTLmediated tumor rejection (90, 91).
Other models have
attempted to mimic natural viral infection, for example using a
transplantation technique in mice with a keratinocyte cell line
expressing HPV16 E6 or E7 that results in the formation of a
differentiated epithelium (92). DTH responses were elicited in
response to challenge with E6 and E7 in this model, however
immunological unresponsiveness occurred with low dose
priming, indicating that the dose used for human vaccines may
be critical (93, 94). Transgenic models have been used to test
concepts of tolerance or anergy with respect to HPV proteins.
Thus, transgenic mice with HPV 16 expression restricted to
epithelium in adult life are not impaired in their ability to mount

There is little evidence for increased E7 antibody
production in CIN patients compared to controls (79, 80). In a
study of CIN patients followed longitudinally, IgG responses
were significantly higher and found most frequently (29%) in
CIN patients with cleared HPV16 infection, but they were also
present in 11% and 14% of patients with persistent or fluctuating
HPV 16 infection (81) . Serological responses to HPV E7 are
consistently found in 25-50% of cervical cancer patients
(reviewed by 82). However, it is difficult to imagine how such
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an immune response to E7 (95). However, in transgenic mice
expressing HPV proteins neonatally, there is evidence both for
immunological tolerance and ignorance (96, 97).

provide a one-agent vaccine suitable for combined prophylaxis
and therapy.
4.3. Proteins
The conformation of proteins engineered for
vaccines might be expected to influence the generation of
effective antibody responses whereas the induction of T cell
responses does not depend on protein conformation.
Immunization with a CRPV L1 fusion protein elicited
neutralising antibodies and protected rabbits from papilloma
development, providing the full-length nondenatured product
was used; animals immunized with L1 subfragments containing
the major epitope failed to induce neutralizing antibodies (113,
114). In cattle, BPV late proteins also confer protection, but for
BPV4-L2, the N terminus is sufficient to prevent mucosal
infection and elicit neutralizing antibodies (115-117).

In addition to the study of HPV in mouse models,
vaccines have been developed for papillomavirus infections
which occur naturally in other mammalian species. The Shope
papillomavirus (CRPV) affects domestic and cottontail rabbits,
where cutaneous lesions can spontaneously regress, or persist,
with progression to tumors. Canine oral papillomavirus (COPV)
induces benign lesions at mucosal (although not genital) sites.
There are several bovine papillomaviruses (BPV), including
cutaneous (BPV1 and BPV2) and mucosal (BPV4) viratypes;
BPV4 infection can result in malignancy, however the BPV
genome is not retained during malignant conversion (98).
Although neither the animal papillomaviruses nor mouse models
completely mimic the human virus-host interaction, they do
provide the necessary background for human vaccine
development.

Early proteins also induce immunity in rabbits;
vaccination of CRPV E1 and E2 with or without adjuvant
induces regression of virus-induced papillomas (118). In the
course of natural papilloma development, more animals with
regressing papillomas have antibodies to CRPV-E2 than those
with persisting papillomas, whereas for other structural proteins
the two groups do not differ. There is also a bias towards
proliferative responses to E2 in regressors whereas E6 and E7
responses were infrequent in both groups, suggesting that
induction of anti-E2 immunity is important for resolution of
CRPV-induced lesions (119).

4.2. Virus-like particles (VLPs)
The ability of VLPs to mimic the conformation of
natural HPV virions make them attractive prophylactic vaccine
candidates. VLPs have now been produced for all the major
HPV types associated with human disease, in a variety of
expression systems including yeast, insect cells and E.coli (28,
99-102). An additional advantage of VLPs designed for
prophylactic vaccines is that they do not contain the viral
genome and therefore uninfected individuals would not be
exposed to viral oncogenes. A Phase I clinical trial to evaluate
HPV-11 L1 VLPs (MEDI-501) in healthy volunteers has been
initiated at the University of Rochester Medical Centre (USA)
in association with MedImmune Inc, and trials with HPV-16
and -18 VLPs are planned.

If proteins are to be used as therapeutic vaccines, it
will be important for them to be processed and presented by
HLA molecules. The administration of soluble protein is thought
to direct peptides to the HLA class II pathway, thus eliciting
helper rather than cytotoxic responses, however, in mice, there
is evidence for CTL generation using HPV16-E7 protein in
adjuvant (MF59); the fine specificity of these CTLs was similar
to that generated by vaccinia encoding HPV16-E7 (120).
Murine CTL responses to HPV16-E7 can also be augmented by
heat aggregation, and immunization of mice with
immunostimulating complexes (ISCOMS) containing HPV11 E6
or E7 fusion proteins can induce CTLs (121, 122).

The efficacy of VLPs in protecting from viral
challenge has been demonstrated in several animal models.
Immunization of rabbits with CRPV VLPs in alum or Freund’s
adjuvant can protect against challenge (103, 104). High titre
antibodies are made, and protection is transferable with serum.
Protection can be long-term although neutralizing antibody titres
drop 100-fold over a year (105). In a canine model, intradermal
inoculation into the foot pad induced circulating antibodies
against COPV, and animals became completely resistant to oral
challenge with wart homogenate. As in the CRPV model,
protection could be passively transferred with serum (106).
Intra-muscular administration of BPV4 L1 or L1/L2 VLPs
protect cattle from mucosal challenge (107).
Systemic
immunization with HPV-11 VLPs in monkeys elicits significant
levels of neutralizing antibodies in cervico-vaginal secretions
suggesting that it may not be necessary to directly immunize at
mucosal sites to elicit mucosal antibodies (108).

In the Phase IIa clinical trial of genital warts, TA-GW
vaccine, a fusion protein vaccine consisting of HPV6 L2E7
adjuvanted with Alhydrogel was administered intramuscularly.
IgG antibodies were detected in all patients, and 85%of patients
made antigen-specific T cell proliferative responses.
Encouraging clinical responses were observed and randomized
double blind controlled trials will allow the relationship between
efficacy and immune correlates of regression to be examined
(123). In Australia, a glutathione -S-transferase-HPV16-E7
fusion protein has been administered with Algammulin adjuvant
to five patients with late stage cervical cancer; all patients made
HPV 16-E7 antibodies, and proliferative T cells responses to E7
protein and peptide were detectable in two of three patients that
were evaluated (reported by 124).

Although considered mainly for their ability to induce
neutralizing antibodies , VLPs can also induce cell-mediated
immunity; proliferative Th1 responses develop in mice
immunized with HPV16-L1 VLPs (109). Chimeric VLPs
have been designed which incorporate relevant early region
proteins in addition to the late proteins (110). In mice, VLPs
containing HPV16 E7 confer anti-tumor immunity, and strong
CTL responses are elicited by hybrid BPV1-L1/HPV16-E7
VLPs (111, 112). Thus, peptides derived from VLPs can reach
the HLA class I pathway of presentation, allowing for CTL
induction and raising the possibility that chimeric VLPs might

4.4. Peptides
Peptides are attractive candidates for vaccines as they
are cheap to produce, and regulatory issues are minimal.
Disadvantages are their very short half life in vivo, and the
requirement to identify relevant peptide sequences compatible
with individual host HLA genotype. The majority of human
studies of immune responses to peptides have been to HLA-A2-
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binding peptides. Candidate HLA-binding peptides can be
predicted from computer analysis of peptide-binding motifs and
binding assays generally correlate well but not completely with
such predictions (125, 126).

generate an array of peptides for presentation through the HLA
class I pathway. As in natural infection, the specific viral
peptides that result in CTL generation will depend on the host T
cell repertoire and HLA genotype, and a knowledge of which
peptides are being presented is not required. Therefore patients
would be eligible for vaccination irrespective of their HLA
genotype, and more than one HPV type could be incorporated
into a vaccine. Vaccinia is a convenient vehicle because it has
been extensively used in the eradication of smallpox (141). In
addition, vaccinia is very amenable to gene manipulation and it
has a large capacity for inserted DNA.
The ability of
recombinant vaccinia viruses encoding foreign antigens (rVV)
to generate CTLs in animal models and in humans is established
(142-144). Studies in mice indicate that CTLs can be generated
using rVV expressing HPV16 L1, however using a late
promoter, only antibody responses were induced (145). T cell
proliferative, cytotoxic and antibody responses could also be
induced in mice using rVV expressing HPV16 E6 under an early
promoter (146). rVV encoding HPV16-E7 is also effective in
inducing specific CTLs in mice (120). Optimal CTL generation
requires T cell help, and immunization of mice with rVV
containing a chimera of HPV16-E7 together with lysosomeassociated membrane protein to enhance MHC class II
processing protected 80% of mice from challenge with an
HPV16-E6 and -E7 transformed cell line. Immunization with
rVV encoding HPV16-E7 alone led to a delay in tumor
formation but tumors appeared within three weeks. In addition,
the chimeric vaccinia was effective in curing mice with small
established tumors (147).

HPV16-E6 and -E7 proteins contain epitopes which
bind to mouse MHC class I alleles and can induce CTLs in
vitro, however peptides not predicted from binding studies to be
immunogenic can be CTL epitopes, and conversely, binding
peptides may not be naturally processed (127, 128). However,
mice immunized with the H-2b-binding HPV16-E7 peptide
RAHYNIVTF are protected from challenge with HPV16transformed tumor cells: the specific CTLs generated could also
eradicate established tumors (129, 130).
Different strategies have been used to try and
enhance the immunogenicity of peptides. Altering an HPV 16
E6 peptide to augment H2 binding has been effective in
enhancing CTL generation by peptides; perhaps surprisingly,
CTLs raised against the engineered peptide were effective in
killing a cell line transfected with the native E6 peptide (131).
Anti-HPV16-E7 antibodies can be elicited in mice by
polymerised peptides containing B and T cell epitopes; this
response is enhanced by incorporating the peptides into
ISCOMS (132). Peptide immunogenicity in mice is also
enhanced by conjugation to the immunostimulatory TraT protein
from E.coli (133). In clinical trials of peptide-based vaccination
in melanoma, the inclusion of GM-CSF in the immunization
protocol markedly increases immunogenicity (CTL detection
and DTH responses) to intradermally injected peptides (134).

A Phase I/II trial in which eight late stage cervical
cancer patients were immunized once by dermal scarification
with an rVV expressing E6 and E7 from HPV types 16 and 18
(TA-HPV) has already been completed. There were no
significant clinical side effects, and all patients developed IgG
antibodies to vaccinia, indicating a successful vaccine ‘take’. An
HPV-18 E6/E7 specific CTL response was detected at nine
weeks post-vaccination in one of three patients; this response
was no longer evident 14 and 20 weeks post-vaccination . The
tumor from this patient was HPV16 positive, suggesting that the
CTL response was a result of immunization with TA-HPV; this
patient experienced remission of her disease and was tumor free
15 months post-vaccination (148). TA-HPV is now at the Phase
II stage in a multicenter EORTC trial where it is being
administered to cervical cancer patients with stage 1B and 2A
disease receiving standard surgery or radiotherapy; patients
receive two immunizations; serological and immune responses
to HPV will be assessed before and at several time points
following immunization and treatment. A Phase I/II trial of
TA-HPV has also been opened for CIN III patients in Wales,
and at the National Cancer Institute for patients with advanced
or recurrent disease (140).

It is clear that peptide-based vaccines can be
protective against HPV tumors in mice, however mice have
different T cell repertoires to humans, therefore epitopes defined
as protective or dominant or subdominant in mice may be
irrelevant for the choice of peptides for human vaccination.
However, HLA-A*0201 transgenic mice have been used to
confirm the immunogenicity of peptide motifs that could also
induce CTLs in healthy human donors (85). Murine studies
have indicated that some peptides might induce functional
deletion of CTLs in humans. For example, in a murine model
of human adenovirus type 5 early region 1A-induced (Ad5E1A)
tumors , subcutaneous vaccination with synthetic Ad5E1A
peptide resulted in enhanced tumor outgrowth whereas the same
peptide conferred protection when delivered on dendritic cells
(135, 136). Patient recruitment to peptide-based vaccines are
always limited by HLA genotype, and there is no information to
date as to the immunogenicity of HLA-A2-binding HPV
epitopes compared to the immunogenicity of epitopes which bind
to other HLA class I (-A and -B) alleles. The existence of HPV
variants is also relevant for the selection of HPV peptides (137139). Nevertheless, up to 50% of Caucasians carry the HLA-A2
allele, and a Phase I/II peptide-based clinical trial of the HLAA*0201 binding HPV16-E7 peptides is underway at the
University of Leiden in the Netherlands. Two HLA-A*0201restricted HPV 16 E7-encoded peptides are administered
together with a T-helper epitope in an adjuvant. Other peptidebase clinical trials are also in progress in at the Norris Cancer
Centre, University of California, at the NCI and at the
NCI/Navy Medical Oncology Branch (140).

Other viral vectors which might have a role in HPV
vaccines include the modified vaccinia virus Ankara (MVA), and
recombinant avipox. MVA is a highly attenuated strain of
vaccinia which replicates inefficiently in human cells, making it
unlikely to cause the complications that can occur when
immunocompromised individuals are immunized with replication
competent vaccinia. In a murine tumor model, recombinant
MVA expressing beta-galactosidase conferred protection which
was therapeutically effective by adoptive transfer (149). Avipox
can infect mammalian cells and express early genes, but it cannot

4.5. Viral vectors
The advantage of viral vectors for the delivery of
vaccines is that viral protein synthesis within infected cells will
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replicate. A recombinant fowlpox expressing beta-galactosidase
has been shown to confer protection from challenge in mice, and
to prolong survival of mice bearing established 3-day metastases
(150). In humans, a recombinant canarypox-rabies vaccine
elicited neutralizing antibodies above the level normally
considered to be protective and a recent trial with an avipox
HIV-env recombinant reported neutralizing antibodies in 90% of
vaccinees and env-specific CTL in 40% of vaccinees (151, 152).

4.8. Dendritic cells
Dendritic cells are potent antigen presenting cells with
a unique capacity to stimulate naive T cells and initiate a primary
immune response. Dendritic cells are scarce in peripheral blood,
with no lineage-specific surface markers, however recent success
in the expansion of dendritic cells ex vivo and their application
to other immunotherapeutic trials of cancer make them a feasible
route of HPV vaccine administration (167-169). Dendritic cells
can be loaded successfully with antigens in different forms,
including peptides, protein, DNA, tumor extracts and viral
vectors. Using human dendritic cells pulsed with HLA-A2
peptides from HPV11-E6 and -E7 or from HPV16-E7, it is
possible to generate CTL responses from some normal donors
in vitro (57, 122). Mice that received dendritic cells pulsed with
HPV16 E7 peptide were protected from tumor challenge and
perhaps more importantly were able to eradicate existing tumors
of up to 1cm3 (170, 171). In mice, dendritic cells pulsed with
HPV16 E7 protein elicited E7-specific CTL responses in vivo
with the same efficiency as protein delivered in incomplete
Freund=s adjuvant, and both immunogens were associated with
tumor protection. Using the same protocol, no protective
responses were detected with HPV-16 E6 protein (172) .
Immunization with dendritic cells loaded with HPV-E7-encoding
plasmid by particle-mediated gene transfer conferred protective
anti-tumor immunity in mice (173).

4.6. DNA
DNA vaccination involves the direct introduction of
DNA encoding the antigen of interest into host cells where the
antigen can then be synthesized. There is now considerable
evidence that DNA vaccines can be effective, and they have
some advantages over other vaccine preparations (153, 154).
These include the ability to induce both CTL and antibody
responses, relative ease of preparation, no adjuvant requirement,
and stability. In addition, the route of administration can be
manipulated to influence the type of immune response
generated, with saline injection favoring Th1 responses and Th2
responses predominating after gene gun delivery (155, 156).
Initial safety tests for some DNA vaccines have been completed,
and Phase I clinical trials of vaccines for HIV, influenza,
hepatitis B and malaria initiated.
Studies of papillomavirus DNA vaccines have so far
been confined to the CRPV model, where delivery of CRPV L1
induces antibody responses that can confer protection from
tumor challenge (157-159).

5. VACCINE CLINICAL TRIAL PARAMETERS
5.1. Evaluation of vaccine efficacy
The clinical trials of HPV vaccines currently in
progress or recently completed involve relatively small numbers
of patients, and are primarily aimed at assessing vaccine safety
and immune responses to HPV. The evaluation of vaccine
efficacy will necessitate the recruitment of larger cohorts of
patients, and the design of suitable trial endpoints. The
appropriate study size and choice of trial endpoint will depend on
the nature of the vaccine under evaluation and the cohort of
individuals chosen for study. For example, in prophylactic
vaccination, an endpoint of HPV infection will require a shorter
study time and fewer recruits than an endpoint of detectable
lesions (an endpoint of cervical cancer would be impractical!).
However, even an endpoint of HPV infection might not be
feasible if for example the lag period between immunization and
likely exposure to infection/development of disease was several
years, It has been calculated that it takes 13.1 years to develop
cervical cancer from normal cytology, and the time between
initial infection and development of CIN-III is at least six years
(174, 175). In addition, the prevalence of HPV infection is agedependent (176, 177); 20% of women aged 20-25 were found
to be HPV positive, compared to less than 6% in those aged
more than 30. The prevalence of HPV types associated with
cervical cancer decreased from 10% for women aged between
20 and 35 to 4% in women of more than 30. Regression of CIN
is also age dependent, with 84% of premalignant lesions
estimated to regress in women less than 34 years, compared to
40% regression in women aged more than 34 (178). Therefore,
the age at which cohorts are recruited for vaccination and
subsequently tested is important.

4.7. Bacterial vectors
Bacteria engineered to express HPV antigens would
provide a source of protein for the stimulation of T cells and
antibody induction, however it would be advantageous to target
these responses to mucosal sites. For example, Salmonella
typhimurium is tropic for gut mucosa, and can elicit humoral,
secretory and cell-mediated responses. Two studies have used
attenuated strains of live recombinant Salmonella typhimurium
engineered to express HPV16-E7 and/or -E6 protein sequences,
and successfully induced HPV16-specific immune responses in
mice (160, 161). In the latter study, IgA responses were
detected in the intestine of orally immunized mice. A
Salmonella vaccine carrying the HPV16 L1 construct results in
the assembly of L1 into VLPs, and a double nasal immunization
resulted in systemic and mucosal neutralizing antibody (162).
The ability of Listeria monocytogenes to enter the
cytosol of host cells has been exploited for the induction of longterm immunological memory and CD8+-mediated protective
immunity against heterologous proteins (163). Recombinant
Listeria monocytogenes expressing CRPV E1 protected outbred
rabbits from challenge with CRPV or viral DNA, inducing
complete regression of tumors with latent DNA being
undetectable 4.5 months post regression. Papilloma regression
correlated with an in vitro E1-specific proliferative response in
the peripheral blood (164).
Another strategy is to use commensal bacteria of the
genital tract as vectors, with the aim of maximizing the longevity
of HPV protein expression within the mucosal environment.
Intravaginal immunization of mice and monkeys with the human
commensal Streptococcus gordonii engineered to express
HPV16-E7 induces local and systemic immune responses (165,
166).

For therapeutic vaccines in CIN and cancer patients,
it is likely that vaccines would serve as an adjuvant treatment.
Efficacy may be measured in terms of disease recurrence and
patient survival, however it should be remembered that the
mainline treatment will have the major effect. The overall five
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year survival for cervical cancer patients receiving conventional
treatment ranges from 76% in stage I patients to 7% in stage 4
patients (179). Thus, the number of early stage patients that
would have to be recruited to make a trial powerful enough to
detect an effect of vaccination on the frequency of relapse would
be proportionally greater than a trial involving late stage patients.
Therapeutic vaccine trials for CIN patients would have to be
even larger, since the recurrence rate in treated patients is
extremely low (180, 181). For therapeutic vaccines against
HPVs that induce genital warts, however, reduction in the
frequency of genital warts could be evaluated more rapidly.

potential economic benefit of prophylactic vaccination into
perspective.
Some therapeutic vaccination strategies require the
vaccine to be tailored for individual patients (eg dendritic cell
culture ex vivo for reinfusion, selection of peptides according to
host HPV and HLA type); such treatments are likely to be more
costly to implement than strategies where all eligible patients
receive the same vaccine.
5.3. Is there any reason why HPV vaccines won’t work?
Although many infectious agents against which
vaccines have been developed successfully gain access to their
hosts across mucosal surfaces, the majority then spread
systemically, where they are exposed to systemic
immunosurveillance. The HPV types under consideration for
vaccine development are mainly sexually transmitted, and
localize to anogenital sites. All current vaccine protocols are
based on systemic immunization ; whether such an approach
will be successful in generating relevant mucosal immunity can
only be answered by clinical trials. If successful, HPV vaccines
would be the first examples of a vaccine against sexually
transmitted disease.

It is clear that measuring HPV vaccine efficacy by
disease endpoint, at least for CIN is complex. Relevant
immunological assays can also be used to monitor whether an
immune response to vaccination has been generated, although it
is less easy to determine whether such responses are responsible
for disease control. In addition, for therapeutic vaccines, the
possible consequences of the mainline treatment on HPV
immunity in the absence of immunization has to be taken into
account. Although the best chance of detecting an immune
response to HPV would be by examining lymphocytes from the
genital tract or draining lymph nodes, practical constraints mean
that measurements are likely to be confined to peripheral blood.

All tumors are genetically unstable, and cervical
tumor variants may arise which can escape even artificially
induced cellular immunity. Importantly, HLA expression (a
critical component of all cell mediated immune responses) is
altered in cervical disease, with a high rate of HLA class I downregulation as well as up-regulation of HLA class II expression
(190, 191). The former is a common feature of most tumor
cells and is caused by many different mechanisms, but it is
likely to compromise the efficacy of vaccines aimed at
generating a CTL response (192). Loss of HLA expression on
metastatic tumor cells is correlated with a significant decrease of
tumor-infiltrating CD8+ T lymphocytes (193). Whilst altered
HLA expression is more extensive in established tumors , the
observation that HLA down-regulation occurs in progressing
CIN lesions is important, as is the hormone-induced decrease in
HLA class I expression seen in HPV-infected tumor cell lines
(194, 195). The reason for upregulation of HLA class II
expression on tumor cells is not clear, but it can be imagined that
inappropriate HLA class II expression could result in anergy or
indeed may reflect an inappropriate cytokine environment,
perhaps favoring a type-2 rather than a type 1 response.

Evaluation of the significance of antibodies produced
in response to vaccination will require the application of a
suitable neutralization assay, since not all antibodies that bind to
conformationally intact capsids are neutralizing. Several assays
for the determination of neutralizing antibodies have been
developed, some of which could be applied to clinical trial
monitoring (182). The in vitro HPV11 neutralization assay is
very sensitive, but it requires infectious virus, and this is not
available for all relevant HPV types (183). However, HPV 16
has recently been propagated in xenografted SCID mice and
used successfully to detect HPV16-specific neutralizing
antibodies (184, 185). The BPV1 pseudotype and the HPV33
pseudoinfection assays, which do not depend on infectious
particles, may also prove applicable to the clinical setting (186,
187).
Evaluation of cellular immunity includes the
measurement of HPV-specific CTLs. Most CTL assays depend
on the restimulation of CD8 cells in vitro which are then tested
for their ability to kill HPV-infected target cells. Such assays are
labor-intensive, and may underestimate the true frequency of
HPV-specific CTLs. Recently, different approaches to assessing
CTLs in vitro have been developed. These include the
measurement of circulating virus-specific T cells using the HLA
tetramer assay, and the measurement of gamma-interferon
release by ELISPOT (188, 189). These assays correlate well
with conventional measurements of CTLs, and they have the
advantage of being much more sensitive as well as requiring
fewer in vitro restimulations.

6. SUMMARY
The development of simple effective prophylactic
vaccines against HPV-16,- 18 and -6/11would have a
considerable beneficial effect on the morbidity and mortality
associated with HPV infection. The successful implementation
of such vaccines would eventually preclude the necessity for
therapeutic vaccines against these HPV types. It follows that
with time, there would be no reason why eradication of
commoner HPV types could not be achieved. Subsequent
eradication of less common HPV types employing the same
strategies should then be straightforward.

5.2. Cost, ease of implementation and stability.
Vaccines destined for widespread prophylactic use
would need to be produced in quantity in a form that is
sufficiently stable for distribution, without the need for storage
conditions that would be difficult to implement in the field. In
addition, a regime involving a single immunization would be
preferable to one requiring multiple injections. Cost is also a
consideration, although the US $4.5 billion a year spent on
diagnosing borderline changes in the cervix alone puts the
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