Squamous intraepithelial
lesion

The Bethesda System of
cytological diagnosis uses low-
grade squamous intraepithelial
lesion (LSIL) for lesions
previously classified as
koiliocytic atypia and CINT,
and high-grade squamous
intraepithelial lesion (HSIL) for
lesions formerly designated as
CIN2/3.

Cervical intraepithelial
neoplasia

The CIN terminology divides
cervical cancer precursors into
three histological classes: CIN1
(mild dysplasia), CIN2
(moderate dysplasia) and CIN3
(severe dysplasia or carcinoma
in situ). ‘High-grade’ SIL is
synonymous with CIN2/3.
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cervical cancer?

How will HPV vaccines affect

Richard Roden**sand T.-C. Wu **81

Epidemiological and laboratory studies overwhelmingly
support a necessary role for persistent human papillo-
mavirus (HPV) infection and transcription in cervical
carcinogenesis** (BOX 1). Importantly, HPV infection
alone is not sufficient for cervical carcinogenesis, and
additional steps occur over one or two decades. HPV
is probably the most common sexually transmitted dis-
ease. It is estimated that the worldwide age-standardized
prevalence of current HPV infection is 10.5% (95% CI
9.9-11.0) of women; the prevalence varies about 20-fold
between different regions, from 1.4% (95% CI 0.5-2.2)
in Spain to 25.6% (95% CI 22.4-28.8) in Nigeria®.

More than 100 different HPV genotypes have been
defined, of which about 40 infect the genital mucosa®.
These genital HPV types are classified into low or
high risk by their propensity to cause cervical cancer.
Low-risk HPV types, typified by HPV6 and HPV11,
produce benign genital warts, condyloma accuminata.
High-risk types, most notably HPV16 and HPV18,
are the aetiological agent of cervical cancer. Although
HPV16 accounts for about half of all cervical cancers,
and HPV18 an additional 20%, there are at least 15
known oncogenic HPV types (FIC. 1). Fortunately,
infection by high-risk type HPV is not sufficient to
cause cervical cancer'. Most high-risk type HPV infec-
tions are subclinical. Only a minority of high-risk
HPYV infections produce squamous intraepithelial lesions
(SILs, also called cervical intraepithelial neoplasia (CIN)
and previously referred to as dysplasia)®, and a small
fraction of SILs lead to cervical cancer (FIG. 2). Natural
history studies show that most HPV infections and
HPV-related intraepithelial lesions (dysplasias) are
cleared, probably by immune mechanisms®’.

Abstract | Cancer of the uterine cervix is the second largest cause of cancer deaths in
women, and its toll is greatest in populations that lack screening programmes to detect
precursor lesions. Persistent infection with ‘high risk’ genotypes of human papillomavirus
(HPV) is necessary, although not sufficient, to cause cervical carcinoma. Therefore, HPV
vaccination provides an opportunity to profoundly affect cervical cancer incidence
worldwide. A recently licensed HPV subunit vaccine protects women from a high proportion
of precursor lesions of cervical carcinoma and most genital warts. Here we examine the
ramifications and remaining questions that surround preventive HPV vaccines.

Cervical cancer deaths in the United States were lim-
ited to 3,700 (Surveillance Epidemiology and End Results
(SEER) database) during 2005, which reflects the success
of cytological screening by Pap smears (BOX 2), although
adenocarcinomas of the cervix are more challenging to
detect with this approach. Progression to cancer can usu-
ally be prevented by the ablation or surgical removal of
high-grade precursor lesions (HSIL or CIN2/3). In 2005,
more than 60 million Pap smears were performed in the
United States, and it is estimated that such screening pro-
grammes and intervention have reduced the incidence of
cervical cancer by ~80% in the United States, but at a cost
of more than US$6 billion a year.

Despite this success, many women do not have access
to screening. This problem is most acute in disadvan-
taged minorities in developed nations, in cultures that
do not accept the screening process and in countries
that are remote and lack the resources for screening
programmes. Consequently, the impact of cervical
cancer is greatest in these countries; the latest global
estimates (from 2002) are 493,000 new cervical cancer
cases each year, and 274,000 deaths, 80% of which occur
in developing countries®.

Vaccination traditionally represents the most cost-
effective approach to combat infectious disease. Two
approaches to vaccination, or a combination of both,
can be considered: prophylactic (preventive) and therapeu-
tic immunization. Prophylactic vaccination of healthy
individuals against the aetiological agent protects
against acquisition of the disease, but confers some
risk to otherwise healthy patients and requires massive
programmes to vaccinate a significant fraction of the
population. Comprehensive prophylactic vaccination
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At a glance

e Cervical cancer is the second largest cause of cancer deaths in women worldwide.
Persistent infection with human papillomavirus (HPV) is necessary but not sufficient to
cause cervical cancer, and preventing HPV infection can prevent the disease.

e Cervical cancer is currently prevented by Pap smears and/or HPV testing and ablation
of high-grade squamous intraepithelial lesions (HSILs). However, the US Food and
Drug Administration approved a preventive HPV vaccine on 8 June 2006 for the
immunization of women between 9-26 years of age.

* HPV virus-like particle (VLP) vaccines based on the major capsid antigen L1 show very
high protective efficacy and good safety profiles so far, and therefore have the
potential to globally affect cervical cancer. However, guidelines on when to vaccinate
and whether a boost is necessary depend on the duration of protection, which

remains to be determined.

* Protection with the L1 VLP vaccine shows strong HPV type restriction, therefore highly
valent vaccines are required for broad protection. Minor capsid antigen L2-based
vaccines might have potential for broad coverage with a monovalent vaccine.

 There is little evidence that HPV VLP vaccines have therapeutic activity in patients,
and the continued development of therapeutic vaccines is warranted.

¢ The influence of herd immunity through the vaccination of men is likely to be
beneficial, but it will have a relatively modest effect on cervical cancer rates
compared with the broad vaccination of women. However, trials to evaluate the HPV
vaccine in men are ongoing, as men do contract genital warts and HPV-related
cancers at other sites in addition to transmitting HPV to women.

¢ Societal response is developing and will have an effect on the introduction of HPV

vaccines.

e Cervical cancer normally occurs in developing countries that lack the resources for
screening. The development of alternative HPV vaccines that are low cost and heat
stable will be important for the worldwide introduction of the vaccine. Approaches to
needle-free vaccination are also being tested.

¢ Immunodeficient patients suffer more severe HPV disease and have greater
susceptibility to HPV-related cancer. It is important to determine whether these
patients will respond less well to HPV vaccines.

Prophylactic and
therapeutic vaccines
Prophylactic vaccines are given
to healthy patients to prevent
disease before exposure to the
aetiological agent. By contrast,
therapeutic vaccines are given
to patients to cure or
ameliorate an existing disease.

Hepatitis B virus vaccine
Prevents hepatitis B disease
and its sequelae, such as
hepatocellular carcinoma (liver
cancer). It is the first anticancer
vaccine.

Major and/or minor capsid
antigens L1 and L2

The constituents of the
papillomavirus capsid. L1 and
L2 are ‘late’ proteins.

Virus-like particle

A non-infectious capsid-like
structure devoid of the viral
nucleic acid that comprises all
or a subset of the capsid
antigens and resembles native
virions, both morphologically
and immunologically.

has historically proven most successful in disease reduc-
tion. The US Food and Drug Administration (FDA)
approved a preventive HPV vaccine on 8 June 2006 for
the immunization of women between 9-26 years of age’,
and a second vaccine is in phase III trials. By contrast,
the ability to test for high-risk HPV DNA or screen for
intraepithelial lesions, and the high rates of spontaneous
clearance, suggest the possibility of therapeutic vacci-
nation restricted to infected individuals. Although the
notion of vaccinating only those patients with disease is
attractive, there are currently no therapeutic HPV vac-
cines that have shown high efficacy in clinical trials. The
HPV preventive vaccines have generated considerable
interest, and are the focus of this Review.

Development of preventive HPV vaccines

Lessons from animal models. Studies of animal papillo-
maviruses have been very important in the development
of HPV vaccines because HPV only replicates in humans'.
Vaccination with both animal papillomavirus and HPV
virions induces neutralizing antibody responses''~*>.
Further, formalin-inactivated virion vaccines protect
animals against the natural acquisition of warts'® (but
protection is restricted by papillomavirus type'”). HPV is
difficult to culture, and its genome contains three potent
oncogenes. Therefore, an inactivated HPV vaccine
could not be considered for use in humans. Rather, the

safety profile and efficacy of the hepatitis B virus vaccine
galvanized interest in developing an HPV vaccine
based on the major and/or minor capsid antigens, L1 and
L2 respectively.

Early studies indicated that L1-protective epitopes
were probably dependent on native conformation, as
vaccination with denatured L1 was poorly effective'®".
The expression of recombinant L1 in mammalian®?!,
insect %%, yeast* and even bacterial cells*® generated
virus-like particles (VLPs) that were morphologically
similar to native virions. Importantly, these recombinant
L1 proteins were immunologically very similar to native
virions?*?*?%, The parenteral vaccination of animals with
either L1 VLPs or native virions induced high titres
of neutralizing serum immunoglobulin G (IgG), and
protected from papillomavirus challenge at mucosal
and cutaneous sites. Similar studies in different animal
papillomavirus models showed that L1 VLPs are immu-
nogenic and protective, and that protection is mediated
by neutralizing serum antibodies'®*%.

Despite the consistent protective efficacy of L1 VLPs
in preclinical studies, there was considerable trepidation
in translating this vaccine to humans because animal
models do not involve sexual transmission. High-risk
HPV replicates in the genital mucosal epithelium,
which suggests that local immunity might be impor-
tant for protection. Therefore, it was unclear whether
the induction of neutralizing serum antibodies would
provide protection, particularly as the transudation of IgG
into the genital tract varies in efficiency throughout the
menstrual cycle®**!.

Efficacy studies of HPV L1 VLP vaccines in humans.
Efficacy trials of HPV-preventive vaccines comprising
mixtures of L1 VLPs of up to four of the most medi-
cally relevant HPV genotypes (HPV16 and HPV18
for cervical cancer, and HPV6 and HPV11 for benign
genital warts) have been reported (TABLE 1). The quad-
rivalent HPV (types 6, 11, 16 and 18) L1 VLP recom-
binant vaccine (Gardasil) produced by Merck has been
approved by the FDA. A second vaccine that contains L1
VLPs of HPV types 16 and 18 (Cervarix) produced by
GlaxoSmithKline is in phase III trials. The L1 VLPs for
the Merck vaccine are produced in recombinant yeast
and formulated in the adjuvant alum, and those for the
GlaxoSmithKline vaccine are produced using insect cells
infected with recombinant baculovirus and formulated
in the proprietary adjuvant ASO4. Trials to date have
used three intramuscular doses to assess the safety and
efficacy of candidate HPV vaccines. The crucial efficacy
endpoints have been protection from HPV-related SIL
and persistent HPV infection by the HPV types used to
derive the vaccine.

Two phase I clinical studies published in 2001
showed that vaccination with HPV L1 VLPs produced
using baculovirus is well tolerated and highly immuno-
genic®®*. The HPV16 L1 VLP vaccine induced neutral-
izing serum antibodies even without adjuvant, and most
recipients achieved serum antibody titres that were about
40-fold higher than the level observed in natural infec-
tion*>*. Similar findings were obtained with L1 VLPs
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Box 1| Does HPV cause cervical cancer?

Is *high-risk” human papillomavirus (HPV) a true aetiological agent of cervical cancer or a

harmless passenger? Causati

on can be examined by addressing Koch's postulates as

modified by Rivers for viral diseases. Several of these six postulates cannot be tested

ethically in patients. Therefore, we must rely heavily on epidemiological data

105 and

laboratory studies to provide the mechanistic underpinning of HPV transformation®1%7.

Animal papillomavirus mode

ls are also informative; notably, seminal work with cottontail

rabbit papillomavirus (CRPV) that induces squamous cancer in a subset of domestic
rabbits'®®. Epidemiological and laboratory studies overwhelmingly support a necessary,
but not sufficient, role for persistent high-risk HPV-type infection in cervical
carcinogenesis*?. A drop in cervical cancer rates following a reduction in HPV infections

would be definitive proof.

Postulate

Isolation of virus from
diseased hosts

Cultivation in host cells

Retain infectivity after
filtering away bacteria

Production of comparable
disease in the original host
species or arelated species

Re-isolation of the virus

Detection of a specific
immune response to the virt

Keratinocytes
Epidermal cells that produce
keratin.

E6 and E7

The two most significant viral
oncoproteins in HPV-related
cancer.

Cottontail rabbit
papillomavirus

An important animal
papillomavirus used for vaccine
studies. Other animal models
include rabbit oral
papillomavirus, bovine
papillomavirus and canine

oral papillomavirus.

Experimental and epidemiological evidence

HPV DNA is detected in 99.7% of cervical cancer
specimens!®®

HPV replicates in organotypic cultures of human
keratinocytes®. High-risk HPV immortalizes primary
keratinocytes''!, and cervical cancer cells cannot

survive after the blockade of E6 and E7 expression

Shown for CRPV in rabbits*

112

HPV only productively infects humans, and
therefore animal papillomaviruses are frequently
used as models (for example, CRPV, which induces
squamous-cell cancer in domestic rabbits)**!*?

Transformation is associated with an absence

of epithelial differentiation and papillomavirus
genome integration, preventing virion production
and consequently ‘classical’ re-isolation'**. Although
CRPV infection of domestic rabbits does not
produce the virus, the CRPV genome is present in
squamous-cell cancers

HPV capsid-specific serum immunoglobulin G
is associated with a high relative risk for cervical
cancer'®®

us

derived from other HPV types, and optimal dosing was
established®-*. In a landmark study, Koutsky et al.
showed that vaccination three times with HPV16 L1
VLPs formulated in the adjuvant alum provided 100%
protection (95% CI, 90-100; P <0.001) from the natu-
ral acquisition of persistent HPV16 infection over an
average of 17.4 months®” (TABLE 1). Importantly, all nine
cases of incident HPV16-related CIN were confined to
the placebo group, indicating that vaccination protects
against HPV-related disease. This high degree of efficacy
of L1 VLP vaccines for protection against persistent infec-
tion and cervical disease relating to the same HPV type
infection has also been shown in other studies®*".

Immune correlates of protection

The identification of the relevant immune parameters
that correlate with protection is important, both to assess
whether the vaccination of an individual is successful and
inform development of second generation HPV vaccines.
Historically, the most consistent correlate of protection
for licensed vaccines has been the measurement of serum
neutralizing antibodies*. The induction of VLP-specific
serum antibodies is associated with protection in both
animal and clinical studies'®*-**"-*, The measurement of

REVIEWS

HPV-neutralizing antibodies in serum has, so far, correlated
strongly with L1 VLP-specific indirect enzyme-linked immu-
nosorbent assay (ELISA) because the neutralizing epitopes
are immunodominant and conformational®. In addition,
the transfer of immune sera from vaccinated animals to
naive animals is sufficient to confer protection against
experimental animal papillomavirus infection'®%.

Neutralizing antibodies can coat virions and prevent
their binding to cell surfaces*. However, additional
mechanisms of neutralization that occur after the bind-
ing of the virion to the cell surface are also probably
important*. Protection might be mediated through the
transudation of neutralizing IgG from the serum to the
genital tract® (FIC. 2). Epithelial damage is presumed to
facilitate the passage of HPV across the upper layers of
the squamous epithelium to reach the basal epithelium
and initiate infection. Therefore, sterilizing immunity
might occur through the direct exudation of serum
antibodies at the site of microtraumas that occur during
intercourse.

Importantly, the minimal protective titre and the
possible contribution of cellular immunity remain to
be defined. Immune-cell-mediated clearance of viral
infection in protection from disease could complicate
the use of serum antibody titres to predict protection.
The identification of the relevant immune parameters
that correlate with protection will also facilitate the iden-
tification of patients in need of additional boosts or rare
non-responders.

How to overcome type-restricted protection?
Animal studies have indicated that vaccination with
L1 VLPs is protective against the same (homologous)
papillomavirus type as that from which the VLPs were
derived, but not for different (heterologous) papilloma-
virus types'®. Similarly, women who were vaccinated
with HPV16 L1 VLPs were completely protected from
HPV16-related CIN, but equivalent numbers of CIN
lesions related to HPV types other than HPV16 occurred
in the vaccine and placebo groups®. Type-restricted pro-
tection occurred in other trials (FIG. 3). This type restric-
tion is also reflected in the specificity of the neutralizing
antibodies induced by VLP vaccination®.

One option for broad coverage is to develop a highly
multivalent vaccine, and this has been done with a number
of licensed vaccines against other agents. However, this
raises the cost and complexity of manufacture with
progressively decreasing returns. Nevertheless, the
quadrivalent Gardasil vaccine is highly effective at pro-
tecting against external genital warts and CINs related
to the homologous types®. This suggests that VLPs of
additional types might be added, as vaccination with
mixtures of multiple types of VLPs does not significantly
interfere with responses compared with vaccination with
individual types. It has been suggested that a vaccine
comprising the eight most prevalent HPV types detected
in cancer might be required for >90% protection against
cervical cancer (FIG. 1)¥”. The oncogenic HPV types that
are present in different parts of the world are relatively
consistent, which suggests that such a multivalent vaccine
would be useful worldwide®.
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Figure 1| The cumulative frequency of HPV genotypes present in cervical cancer
and the potential impact of interventions. The subset of human papillomavirus (HPV)
genotypes that are associated with most cervical cancers and deemed ‘high-risk’
genotypes are shown. Yellow bars and percentages next to each bar indicate the
percentage of cervical cancer cases attributed to each HPV genotype, and red bars
indicate the cumulative percentage of cases. A type-restricted vaccine comprising
HPV16 and HPV18 L1 virus-like particles (VLPs) (16 and 18) would provide protection
against ~70% of cervical cancers. It is estimated that Pap screening and intervention has
reduced the incidence of cervical cancer by ~80%. Similarly, the HPV16 and HPV18 L1
VLP vaccine formulated in ASO4 might protect against ~80% of cancers owing to cross-
protection against the most closely related types to HPV16 and HPV18 (REF. 40). Munoz
et al. predict that a type-specific octavalent HPV VLP vaccine (8VLP) would provide ~90%
protection*, although type-specificity is unlikely to be absolute so protection might
be better. L2 vaccines induce broadly cross-neutralizing antibodies and are protective in
animal models, but have not been tested in patients for the prevention of HPV infection.
As HPV is associated with 99.7% of cervical cancers'®, several groups are examining the
potential of L2-based vaccines for broad protection against oncogenic HPV genotypes
(L2?). Image modified with permission from REF. 47 © (2004) Wiley.

Koch’s postulates as
modified by Rivers for viral
diseases

Koch'’s postulates are criteria
used to judge whether a given
microbe causes a given disease.
In 1937, Rivers expanded on
Koch'’s original postulates and
proposed six criteria that
should be met to establish
whether or not a virus is

the causative agent of

a disease.

Parenteral vaccination
Vaccine given by intravenous,
intramuscular, or subcutaneous
injection.

Neutralizing serum
antibodies

Antibodies present in blood
plasma after clotting that are
able to inactivate viral infection.

Subtle variations in VLP production or adjuvants
could also provide slightly broader coverage. The
GlaxoSmithKline vaccine that contains HPV16 and
HPV18 L1 VLPs produced in insect cells and formu-
lated in ASO4 (REFS 38,40) was effective for protection
against both persistent infection and CIN related to
HPV16 and HPV18 (FIG. 3b). HPV16 and HPV31, and
HPV18 and HPV45 have very closely related geno-
types® (>85% sequence identity), and show low-level
cross-neutralization*®**-°, Vaccination with HPV16
and HPV18 L1 VLPs provided 94% (95% CI 63.9-99.9)
protection against HPV45 and 54% (95% CI 11.5-77.7)
against HPV 31, although protection against HPV33,
HPV52 and HPV58, which are less closely related, was
not significant”. These and other data suggest that the
neutralization assay is predictive of protection®*-°, Also,
antibody cross-reaction between HPV16 and HPV31 or
HPV18 and HPV45 is two orders of magnitude less than
reactivity to the homologous type***, which suggests
that very low antibody titres are protective.

An alternative approach to highly multivalent vaccine
preparations for broad protection is the identification of
a conserved and cross-protective antigen. Vaccination

with the minor capsid protein L2 is protective in animal
models® . Protection is mediated by neutralizing anti-
bodies™, although the titres produced by L2 vaccination
are much lower than for L1 VLP vaccines®. However,
unlike L1-specific neutralizing antibodies, L2-specific
neutralizing antibodies are broadly cross-neutralizing®.
Indeed, L2 vaccines can provide cross-protection in ani-
mal models; vaccination with HPV16 L2 protects against
cottontail rabbit papillomavirus (CRPV) and rabbit oral
papillomavirus (ROPV) challenge (N. Christensen and
R. R., unpublished observations). Therefore, efforts to
improve the immunogenicity of L2 and development
for clinical testing of L2 vaccines are underway. The abil-
ity to produce L2 in Escherichia coli and the potential
to use a single antigen suggest that L2 vaccines have
potential as a low cost alternative or complement to the
L1 VLP vaccines.

How long will protection last?

It is unclear how long protection from the HPV L1 VLP
vaccines will last, but several large studies are ongoing to
address this issue. Two intermediate-term studies have
been conducted (TABLE 1). At 3.5 years after vaccination
with HPV16 L1 VLPs, protection against persistent
HPV 16 infection remained at 94% (95% CI 88-98)*,
compared with 100% (95% CI 90-100) at 17.4 months®.
Notably, all 12 incident cases of HPV16-related high-
grade CIN were in the placebo group*. A second study
showed 94.3% (95% CI 63.2-99.9) protection against per-
sistent infection (defined as at least 6 months) at 4.5 years
after vaccination®. Furthermore, the serum antibody
titres seemed stable in both studies, suggesting the pos-
sibility of long-term protection. At present, the vaccine is
given as a series of three injections. It will be important to
examine whether two, rather than three, vaccinations are
sufficient to confer protection, and if, or when, a booster
immunization is required to maintain immunity. The
use of fewer doses would reduce costs. In support of this
possibility, patients in clinical trials who received only
two doses seemed to be protected*'. Alternative adjuvants
might also be used to extend the duration of protection,
or reduce the number of immunizations.

At what age should we vaccinate?

Vaccination before the initiation of sexual activity is
optimal. Although the vaccine is effective in women
aged 15-25 (TABLE 1), it could be more problematic to
attain comprehensive vaccination in adolescents and
adults relative to infants. If the protection provided
by VLP vaccination is long in duration and does not
compete with other vaccine regimens, then early child-
hood vaccination might be considered, possibly with a
boost later. Importantly, a bridging study in 9-15 year
old adolescents versus 16-26 year old young women
showed significantly higher immune response to the
quadrivalent VLP vaccine in the adolescents®, and the
FDA has licensed this vaccine for women aged 9-26.
Early vaccination might also offer protection in cases
of abuse or possible non-sexual transmission. However,
vaccination too early and without boosters could lead to
break-through infections later in life*.
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Sexually active adults should also be considered
for a ‘catch-up’ vaccination. Uninfected women would
probably be protected, and there is no evidence that
vaccination of those with current or previous HPV
infections is harmful. For infected women, the vac-
cine might prevent the acquisition of other HPV
types, prevent or reduce transmission to naive part-
ners, and/or prevent auto-inoculation. The vaccina-
tion of women with genital warts might also reduce
the vertical transmission of HPV6 and HPV11,
which can cause recurrent respiratory papillomatosis®®
and airway obstruction in infants.

Prophylactic vaccines ‘
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Other outstanding issues with HPV vaccines

Do L1 VLP vaccines provide therapeutic benefit? Late
gene expression requires the epithelial differentiation
of keratinocytes that harbour HPV. Not only are cervi-
cal carcinoma cells undifferentiated, the viral DNA is
integrated, which could potentially disrupt the L1 gene.
Therefore, neither infected basal keratinocytes nor cervi-
cal cancer cells express detectable levels of L1, and so are
unlikely to be recognized by L1-specific cytotoxic T cells.
However, a bystander effect or immune recognition
of L1 levels below the level of experimental detection
are possible®*®. For example, the vaccination of mice
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Figure 2 | Cervical carcinogenesis by HPV. a| The cervical squamocolumnar junction. The basal cells rest on the
basement membrane, which is supported by the dermis. Normal squamous epithelium differentiates as shown. The
transformation zone is the most common site for the development of cervical cancer. Prophylactic vaccines induce L1- or
L2-specific antibodies that neutralize the virus. b | After the human papillomavirus (HPV) infection of basal keratinocytes,
the early HPV genes E1, E2, E5,E6 and E7 are expressed (red nuclei) and the viral DNA replicates. Low-grade squamous
intraepithelial lesions (LSILs) support productive viral replication. In the upper layers of epithelium the viral genome is
replicated further, and E4 (green cytoplasm), L1 and L2 (orange nuclei) are expressed. L1 and L2 encapsidate the viral
genomes to form progeny virions in the nucleus. The shed virus then re-initiates infection. ¢ | A significant fraction of high-
risk HPV infections progress to high-grade squamous intraepithelial lesions (HSILs), which show a lesser degree of
differentiation. HSILs are effectively treated by loop electrosurgical excision (LEEP). Pap screening and HPV tests can be
used to detect SlLs (BOX 2).d | The progression of untreated lesions to microinvasive and frankly invasive cancer is
associated with the integration of the HPV genome into the host chromosomes, loss of E2 and upregulation of viral
oncogene expression and genomic instability. These cancers are treated with surgery, chemotherapy or radiotherapy with
limited success. Therapeutic vaccines and immune stimulants such as imiquimod can potentially induce an infiltration of
T cells specific for the early viral antigens and clearance. Patients with immune suppression due to HIV infection or organ
transplantation suffer more frequent and severe HPV-related disease.
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Box 2 | Screening for cervical HPV infection and related disease

Cytology

A Pap smear is a cytological test in which cells from a woman'’s cervix are collected using
a brush, spread on a microscope slide and screened by a pathologist for abnormal cells.
Newer liquid-based techniques enable the collection of cells for both microscopic
evaluation and human papillomavirus (HPV) DNA detection. Women with abnormal
cells are referred for colposcopic evaluation of the cervix, and lesions are confirmed by
directed biopsy. The referral of women with high-grade squamous intraepithelial lesion
(HSIL) or more severe cytology is highly specific but insensitive, whereas the referral of
women with low-grade squamous intraepithelial lesion, atypical squamous cells of
unknown significance (LSIL or ASCUS) or more severe results is sensitive but relatively
nonspecific. The success of cytological screening programmes in reducing cervical
cancer incidence depends on the cumulative sensitivity achieved with repeated
lifetime screens and compliance with follow-up examinations. High-risk HPV infection
triggers p16™%*A overexpression, which might be useful in improving cytological

screening!®.

‘See-and-treat’

A lower cost, single-visit approach of direct visualization of the cervix after the
application of dilute acetic acid and immediate intervention when required. Neither its
reliability nor the impact of overtreatment have been firmly established.

Molecular testing

The US Food and Drug Administration has approved the Hybrid Capture 2 (HC2) test for
the detection of high- or low-risk HPV DNA in liquid-based cervical specimens that are
obtained for cytological screening®’. Alternative approaches to HPV DNA detection
using PCR and self-collection are also being considered to reduce costs and simplify
logistics''®. Tests for HPV DNA are very sensitive for the detection of HSIL and can be
performed in high throughput, but they have lower specificity than cytological
screening because HPV DNA testing also detects latent HPV infections and HPV-
associated low-grade lesions that ordinarily are not treated because of substantial
regression rates. The predictive value of a negative HPV test is very high, so screening
intervals might be expanded in women over 30 to further improve cost effectiveness’.

Adjuvant

Vaccine components that
nonspecifically increase the
immune response to the
immunogen. Adjuvants are
important because they
typically increase vaccine
efficacy. Examples of adjuvants
include alum and ASO4, a
propriety adjuvant comprising
alum and the toll-like receptor 2
agonist 3-deacylated
monophosphory! lipid A.

Indirect enzyme-linked
immunosorbent assay
(ELISA) A quantitative in vitro
test for antibody concentration
in which the test antigen is
adsorbed on a surface and
exposed to an antibody
specific for the antigen, then an
enzyme linked to an anti-
immunoglobulin specific for the
antibody. This is followed by
the reaction of the enzyme
with a substrate to yield a
coloured product that can be
quantified.

Immunodominant

An epitope within an antigen
that provokes the most intense
immune response.

with HPV16 VLPs induces effective L1-specific CD8-
dependent protection from challenge with an HPV16
genome-transformed murine tumour line that does
not express levels of L1 protein detectable by western
blot or immunofluorescence®. Furthermore, patients
with genital warts vaccinated with HPV6 L1 VLPs
had more frequent clearance than historical controls,
but this trial was not placebo controlled®. Finally, in
women vaccinated with HPV16 L1 VLPs, protection
against persistent HPV16 infection was 100% (95% CI,
90-100), but 91.2% (95% CI, 80-97) when women with
pre-existing transient infection were included”. The
greater efficacy of protection against persistent versus
transient HPV infection might be explained by either the
immune clearance of some infections or the detection
of neutralized virus (as the assay detects viral DNA not
viral transcripts). Alternatively, initial infection could
be maintained by successive rounds of auto-inoculation
that can be interrupted by vaccine-induced neutralizing
antibodies. The potential for therapeutic activity of the
VLP vaccines against established infection or CIN war-
rants further study.

Can therapeutic activity be included in preventive
HPYV vaccines? Given the current prevalence of HPV,
and the lack of proven therapeutic efficacy of the L1
VLP vaccines, the effect on cervical cancer rates will be
delayed by at least 15 years, although a reduction in the
number of surgeries to remove premalignant lesions

should be seen sooner. To help currently infected
patients and speed up the effect of vaccination on the
incidence of cervical cancer, it is important to continue
efforts to develop a combination of preventive and
therapeutic vaccines.

The lower rate of clearance of HPV-associated lesions
in immunodeficient compared with immunocompetent
patients indicates that cell-mediated immune responses
are important for the control of established HPV-
associated disease®*®. Therefore, it is important that
therapeutic vaccines generate HPV-specific cellular
immune responses (for reviews see REFS 64,65). As the
late proteins L1 and L2 are not detected in cervical cancer
or infected basal cells, most therapeutic vaccines target the
HPYV early proteins such as E6 and E7. Therefore, a com-
bination of preventive and therapeutic vaccines should
combine both late and early antigens and induce both
neutralizing antibodies and early protein-specific cellular
immunity. One attractive approach is chimeric VLPs that
contain L1 for prophylaxis and early viral antigens to trig-
ger viral clearance® . Another potential preventive and
therapeutic vaccine that was safe and immunogenic in
patients is TA-CIN, a fusion protein comprising HPV16
L2, E6 and E7 (REF. 69). Although TA-CIN alone did not
show significant therapeutic efficacy against anogenital
intraepithelial neoplasia, it might be more effective if
formulated with the appropriate adjuvant™.

Will vaccination change the HPV types that cause cer-
vical cancer? One theoretical issue with type-restricted
protection against HPV is that types other than those
included in the vaccine might proliferate to fill the eco-
logical niche left by the types against which the vaccine is
effective. Two HPV types can replicate in the same cell”’,
but recombination between HPV genotypes is lacking
in isolates, which suggests that natural co-infection of
the same cell is uncommon. Furthermore, epidemiologi-
cal studies indicate that competition between types for
infection of the host is not significant”’.

Seroepidemiological evidence exists for protection
against HPV16-related cervical carcinogenesis by infec-
tion with the low-risk type HPV6 (REF. 73). However,
this probably reflects cross-protection through cellular
immunity rather than competition for replication in a
particular niche. Indeed, over 4 years of follow-up an
increase in disease relating to types other than those
in the VLP vaccines was not observed. Koutsky et al.
reported 22 cases of incident CIN related to types other
than HPV16 in both the placebo and HPV16 L1 VLP
groups of their trial””. This is also borne out over 3.5
years*! (FIC. 3a). Similarly, in the study by Harper et al.*®
similar numbers of infections with types other than
those targeted by vaccination were present in both
the placebo and vaccine groups (FIG. 3b). These studies
indicate that in the short term there is no expansion
of other HPV types into the large potential niche cre-
ated after vaccination against the two most common
cancer-causing types. In the unlikely event that this
does occur over time, additional VLP types, or perhaps
an L2 cross-protective antigen, could be included in
the vaccine.
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Table 1| Summary of randomized, placebo-controlled efficacy trials of HPV VLP vaccines

Sponsor/ VLP  Antigen Adjuvant Timing of Patients  Age Duration Protection Protection Protection
study types Source vaccination per group of study against against against
(months) (placebo/ (months) persistent >ASCUSsby >ASCUS
active) infectionby  homologous by any HPV

homologous  types type
types* (% (95% Cl)) (% (95% ClI))
(% (95% CI))

Merck®’ 16 Yeast Alum 0,2,6 765/768 16-23 17 100% (90-100) 100% 29%

Merck* 16 Yeast Alum 0,2,6 750/755 16-23 36 100% (85-100) 100% (84-100] 31% (0-57)

Merck® 6,11,  Yeast Alum 0,2,6 275/277 16-23 35 89% (70-97) 100% (16-100) NR

16,18
GSK3® 16,18 Baculovirus ASO4 0,1,6 366/355 15-25 27 74% (50-86) 93% (70-98)*  NR
GSK* 16,18 Baculovirus ASO4 0,1,6 383/393 15-25 48 94% (63-100) 93% (71-99) 45% (17-63)

*Includes atypical squamous cells of unknown significance (ASCUS). *fHomologous types are the same human papillomavirus (HPV) types as were used to derive the
virus-like particle (VLP) vaccine.S$>ASCUS is a diagnosis greater than ASCUS; Cl, confidence interval; GSK, GlaxoSmithKline; NR, not reported.

Conformational

When an epitope requires a
specific spatial arrangement
for recognition.

Specificity

The probability that the result
of a test is negative given that
the individual tested does not
have the disease.

Sensitivity

The probability of a positive
test result given that the
individual tested actually has
the disease.

Squamous epithelium

A sheet of cells covering or
lining an external surface and
consisting of more than one
cell layer, the most superficial
of which is composed of flat,
scale-like cells.

Sterilizing immunity

An immune response that
completely eliminates an
infection.

Exudation
The slow escape of a fluid from
damaged blood vessels.

Multivalent
Including more than one HPV
genotype.

Neutralization assay

A measurement of the efficacy
of antibody-mediated
inactivation of an infectious
agent.

Auto-inoculation

The spread of infection from
one part to other parts of the
same body.

Will HPV evolve to escape neutralization? HPV uses the
replication machinery of the host cell to propagate its
genome, which results in very low error rates compared
with viruses like human immunodeficiency virus (HIV)
that use their own error-prone machinery to copy their
genomes’. Therefore, HPV sequences are very stable
over time. Nonetheless, within HPV genotypes there
are many variants with about 2% sequence divergence.
Many of these changes are in L1 neutralizing epitopes,
which suggests selection to escape neutralization”’®.
Simlarly, these epitopes are highly divergent between
genotypes, which is consistent with successful escape
from neutralizing antibodies resulting from infections by
other HPV genotypes. Evidence indicates that variants
within an HPV type are effectively cross-neutralized by
antisera to L1 VLPs derived from another variant in the
same HPV genotype'®”. Given this cross-neutralization
of variants and the slow rate of HPV sequence change,
immune escape is unlikely to be a significant issue.

How will the vaccine influence screening programmes?
Cytological screening (BOX 2) and intervention has
reduced the incidence of cervical cancer in the United
States by an estimated 80%. However, this programme
is costly and screening is inconvenient. Unfortunately,
current vaccine formulations do not protect against
all oncogenic HPV genotypes or treat existing disease,
and therefore screening programmes must remain in
place. The cost of cervical cancer screening is sensitive
to the degree of aggressive follow-up and management
of low-grade lesions, which are likely to regress without
intervention. Because these low-grade lesions are less
likely to be associated with HPV16 or 18 (REF. 3), cost-
effectiveness for a combined vaccination and screening
programme will require less aggressive management of
minor abnormalities than is currently standard in many
developed countries. Modelling studies have suggested
that the most cost-effective approach to using a vaccine
targeting HPV'16 and 18 is to combine vaccination at age
12 with triennial cytological screening beginning at age
25 (REF. 78). These recommendations are most feasible
using screening algorithms that combine cervical cytol-
ogy and high-risk HPV DNA testing. HPV testing is

highly reproducible, and very sensitive for the detection
of HPV-related lesions”. Furthermore, a negative HPV
test provides more certainty of the absence of HPV-
related lesions than a negative cytological screen, and
might permit the safe expansion of screening intervals in
vaccinated women. More broadly protective multivalent
L1 VLP or L2-based vaccines might further reduce the
need for screening.

How can a vaccine be introduced in low resource
areas? Cervical cancer takes a disproportionate toll on
those who lack access to screening, and it is predicted
that the L1 VLP vaccine will cost several hundred US
dollars per person. In low-resource settings, the rela-
tive benefits of cervical cancer screening, especially if
the cost of screening was lowered, versus HPV vac-
cination might have to be considered. Cooperation
between governmental and international organizations
such as the World Health Organization (WHO) and
The Global Alliance for Vaccines and Immunization
(GAVI), the pharmaceutical industry and charities will
be crucial to disseminate the current VLP vaccines as
broadly as possible. Local manufacture of vaccines
might facilitate global distribution, but it is neces-
sary to ensure that the safety and efficacy of locally
produced HPV vaccines matches or exceeds those
currently available.

Although current L1 VLP vaccines are produced
in insect cells or yeast, cheaper production in E. coli is
a possibility. The expression of L1 in E. coli produces
capsomers that can self-assemble in vitro®*-%2, and vac-
cination with such capsomers induces neutralizing
antibodies®"** and protects dogs from experimental
canine oral papillomavirus challenge®. Also, the cur-
rent L1 VLP vaccines require refrigeration, which might
be problematic in remote and low-resource areas. One
potential advantage of the L1 capsomer vaccine is its
stability at ambient temperature.

The requirement for needles to inject the current
VLP vaccines also complicates delivery in low-resource
areas. Many possible needle-free alternatives are cur-
rently under consideration, including nasal inhala-
tion and transdermal vaccination®*¢. Alternatively,

NATURE REVIEWS | CANCER

© 2006 Nature Publishing Group

VOLUME 6 | OCTOBER 2006 | 759



REVIEWS

Respiratory papillomatosis
HPV-caused warty growths in
the upper airway that can
produce significant airway
obstruction or voice change.

Late gene

Early or late genes and early
or late proteins are two
classes of genes or proteins
that are produced by different
viral expression programmes:
‘early’ proteins regulate viral
DNA replication (E1 and E2),
RNA transcription (E2), cell
transformation (E5, E6 and
E7) and cytoskeletal
morphogenesis (E4), whereas
‘late’ proteins (L1 and L2)
represent the structural
components of the viral
capsid. The early and late
expression programmes are
tightly regulated and linked to
the differentiation status of
the infected squamous
epithelial cells.

Cytotoxic T cell

A thymocyte that functions in
cell-mediated immunity by
destroying a cell that displays a
specific antigen on its surface.

Bystander effect

Secondary effects on adjacent
cells and tissues triggered by
immune recognition of a
primary target.

Seroepidemiology

The study of the patterns,
causes and control of disease
in groups of people by
measurements of serum
components.

Capsomers
Repetitive structural subunits
that form the capsid of a virus.

Herd immunity

The resistance of a population
to an infectious agent due to
the immunity of a high
proportion of the population.

Seroconvert

When a patient converts from
having a negative to a positive
result in a serological assay.

CD4* T cell

Helps stimulate immune
system reactions but does not
usually directly Kill target cells.

the inclusion of L1 in other vaccines, specifically the
typhoid, tuberculosis or measles vaccines, might repre-
sent a cost-effective and practical alternative that could
also provide immunity to HPV¥-, The use of live
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Figure 3 | Protection by human papillomavirus L1 virus-
like particle (HPV L1 VLP) vaccination is type restricted.
a| Aplot of data described in Mao et al. for women
vaccinated with HPV16 L1 VLPs (vaccine) or placebo*'. Bars
show the infection rate per 100 person-years for women in
each group with cervical intraepithelial neoplasia 1 or
worse (CIN1+), or CIN2 or worse (CIN2+), or CIN3. These
lesions are presented as either HPV16 DNA positive, or
DNA positive for any genotype other than HPV16.b | A plot
of data described in Harper et al. showing that vaccination
with HPV16 and HPV18 L1 VLPs in ASO4 provided
complete protection over 4 years against HPV16 or HPV18-
related CIN1 or greater*’. Bars show the percentage of
total women in each group with atypical squamous cells of
unknown significance (ASCUS) or worse (=ASCUS), a low-
grade squamous intraepithelial lesion or worse (=LSIL),
CIN1 or worse (CIN1+), or CIN2 or worse (CIN2+). These
lesions are presented as either HPV16 or HPV18 DNA
positive, or DNA positive for any type other than HPV16 or
HPV18. However, significant protection against CIN related
to any other type (en masse) was not observed. Note that
the study found 94% (95% Cl 63.9-99.9) protection against
HPV45 infection, and 54% (95% Cl 11.5-77.7) HPV31
infection, showing that the type restriction of protection is
not absolute.

vectors for the delivery of L1 VLPs is attractive in
remote and low-resource areas as immunity could be
spread, but safety remains an issue with such vectors.

Should males be vaccinated? Studies of HPV in men have
lagged behind those in women because men do not face
cervical cancer. Is the cost/benefit ratio sufficient to war-
rant the vaccination of boys or men? Data on which to base
this decision are not yet available. The inclusion of VLPs
for low-risk types that protect against benign genital warts
could influence this equation by reducing physician visits
for ablative or immunostimulatory therapies, but might
come at the cost of protecting against fewer high-risk types.
Studies in men are also important to address the issue of
protection against HPV-related cancers at other sites, as
high-risk HPV does cause a significant fraction of anal
cancers (90%), penile cancers (40%) and oropharyngeal
(12%) and oral (3%) cancers®”'. The vaccination of men
raises the possibility of more rapid and effective protection
of women through herd immunity®2. However, although
modelling suggests that the influence of herd immunity
through the vaccination of males is likely to be beneficial,
it will have only a modest effect on cervical cancer rates
compared with the broad vaccination of women®*.
Nevertheless, the vaccination of males must be seri-
ously considered to prevent HPV-related cancers at
non-cervical sites.

How will immunosuppressed patients respond? The
frequency of viral clearance and lesion regression is sig-
nificantly lower in immunosuppressed patients, such
as organ transplant recipients and HIV co-infected
patients®®’. Organ transplant recipients and HIV-
infected patients have more severe and recalcitrant
disease, higher viral loads, infections with unusual
HPYV genotypes and greater propensity for HPV-
related malignancies, especially cervical cancer (an
eightfold increased risk in HIV-infected women) and
anal cancer (a 42-fold increased risk in HIV-infected
men)®***. Therefore, an HPV vaccine would be very
important in these patients. However, it is unclear
how HIV infected and immunosuppressed patients
will respond to the HPV VLP vaccines and whether
additional boosts would be helpful. Most HIV-infected
patients do seroconvert after vaccination against hepa-
titis B, although the response strongly correlates with
CD4* T-cell counts®. However, CD4-deficient mice can
generate a limited response to HPV VLP vaccination®.
These findings offer hope that a significant proportion
of immunocompromised patients will respond to the
HPV L1 VLP vaccines, possibly with additional boosts,
more potent adjuvants and higher doses. However,
immunodeficient patients also suffer from infections
and cancers resulting from various HPV types that do
not normally cause disease in the immunocompetent.
These types are not covered by the current HPV VLP
vaccines, and perhaps an L2 vaccine might be use-
ful for this reason. Finally, HPV is a more common
infection than HIV, and therefore most HIV-infected
patients are likely to have already been infected with
HPV too.
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Should the HPV vaccine be mandatory? The HPV vac-
cine raises a number of ethical issues that might affect
its use””*. Vaccination is not without risk, and evidence
suggests that other measures, including condoms,
abstinence and male circumcision, are quite effective at
limiting the spread of HPV disease®'®. Although con-
cern that HPV vaccination will promote risky sexual
behaviour has been expressed, fear of HIV probably
dominates'”. Indeed, hepatitis B can be spread through
sexual contact, and we are unaware of evidence that the
global introduction of the hepatitis B virus vaccine has
promoted risky sexual behaviour. Effective education
programmes and mandatory vaccination will prob-
ably provide the greatest and fastest reduction in the
incidence of cervical cancer'®.

Future directions

Mathematical modelling of the effect of HPV L1 VLP vac-
cine introduction on cervical cancer rates is ongoing™'*1%,
and the accuracy of the predictions will improve as we
know more of the variables, such as long-term efficacy and
the breadth of coverage. Although the HPV vaccine has
the potential to be a dramatic public-health success, this
depends on societal acceptance through education' and
logistic factors that influence the coverage of immuniza-
tion. Other factors include the number of types that are
incorporated in the multivalent VLP vaccines, the degree

REVIEWS

of cross-protection, and who is vaccinated (that is, which
gender and ages and how effective the vaccine is in immu-
nosuppressed patients). It is probable that the breadth of
coverage will be further extended with increasing valency,
or possibly by the inclusion of L2.

HPV infection caused 5.2% of all cancers worldwide in
2002, about 561,200 cases®. Therefore, HPV is one of the
most important agents of cancer causation, and the new
VLP vaccines provide the opportunity to reduce cancer
rates in a couple of decades. If this opportunity is to be
fully realized, issues relating to global vaccine delivery
must be addressed. For example, despite the availability of
an effective vaccine against hepatitis B for two decades, in
2002 340,000 cases of liver cancer were attributed globally
to hepatitis B infection®. Over 90% of these cases occurred
in developing countries, reflecting a disparity in vaccina-
tion programmes. Therefore, efforts to reduce the cost of
HPYV vaccination and facilitate the delivery of the vaccine
through governmental, private and charitable support,
local vaccine manufacture and the development of needle-
free, heat-stable, single-dose formulations must continue.

Finally, high-risk HPV contributes to a significant
fraction of head and neck, anal, penile, vulvar and vaginal
cancers. Although these cancers are less common than
cervical cancer, it will be important to determine whether
the benefits of the HPV preventive vaccine extend beyond
cervical cancer.
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