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virions7–9. However, as L1 is the only viral
gene required for vaccine production, the
vaccines that are based on VLPs have no
oncogenic potential.

Several clinical trials of HPV VLP-based
vaccines have been conducted over the past five
years, using VLPs that have been produced in
either recombinant yeast- or baculovirus-
infected insect cells10–14. VLPs are highly
immunogenic in the 10–50 microgram dose
range after three intramuscular injections,
either with or without alum-based adjuvant,
and the adverse side effects of vaccination have
been minimal. A recent Merck-sponsored
randomized and placebo-controlled proof-
of-concept efficacy trial using an HPV16 L1
VLP with alum vaccine in 1,500 young
women reported a 99.7% seroconversion
rate15. After 1.5 years of follow-up, the vaccine
was 100% effective at preventing persistent
HPV16 infection and HPV16-induced cervical
dysplasias (an early stage in cancer progres-
sion that is characterized by cell proliferation
and disarray). The primary mediators of pro-
tection are thought to be virus-neutralizing
antibodies, transudated from the serum into
the cervical mucus. The same number of
vaccinated and control patients developed
cervical dysplasias containing other HPV
types, supporting earlier in vitro virus-
neutralization studies that predicted pro-
tection by the VLP-based vaccines would
predominantly be type-specific.

Large-scale efficacy trials of VLP vaccines
are now being initiated by Merck,
GlaxoSmithKline and the National Cancer
Institute (TABLE 1). These trials have type-
specific protection from the development of
moderate and high-grade cervical dysplasias
after incident HPV infection as their primary
endpoint, in keeping with a US Food and
Drug Administration (FDA) Advisory
Committee recommendation for licensure. It
is likely that these trials will be completed
within the next five years. Although questions
remain regarding the duration of protection
and the effects of the menstrual cycle on pro-
tection, the consistently positive results so far
have generated widespread optimism that a
licensed HPV VLP vaccine will be made
available to the public shortly after the trials are
concluded. This prospect raises several impor-
tant and complex implementation issues that
must be addressed as a matter of urgency.

Defining the target populations
The HPV infections that cause cervical cancer
are sexually transmitted, and, owing to their
high prevalence, are generally acquired shortly
after women become sexually active16,17. The
expectations are therefore that an HPV VLP

with the development of cervical cancer. As
approximately 50–60% of these cancers
contain HPV16, and another 10–20% contain
HPV18 (REF. 3), these two HPV genotypes
have been the focus of most vaccine devel-
opment efforts. The same HPV genotypes
are also involved in several other cancers,
including vulvar, anal and oropharyngeal
malignancies4, but the incidences of these
cancers and the fractions that are attributable
to HPV infection are lower, and so HPV
vaccines have principally been used to target
cervical cancer.

For many years, it was difficult to
develop practical papillomavirus vaccines
because these viruses do not grow efficiently
in cultured cells5. Even if they did, live
attenuated vaccines would contain viral
oncogenes, which would probably prohibit
their use as a prophylactic vaccine in healthy
individuals. Attention therefore turned to
the development of subunit vaccines based
on the L1 major capsid protein. Early
attempts to produce these in bacteria were
unsuccessful because the purified proteins
were predominantly malformed and unable
to induce strong neutralizing antibody
responses in animal models6. The break-
through came with the finding that the L1
proteins could fold correctly and self-assemble
into virus-like particles (VLPs) when expressed
in eukaryotic cells. These VLPs not only closely
resemble native virions morphologically
(FIG. 1), but also induce high titres of anti-
bodies that can prevent infection by authentic

Human papillomavirus (HPV) vaccines for
the prevention of cervical cancer have
produced encouraging results in recent
clinical trials, and expectations are high
that one or more vaccines will be licensed
for commercial distribution within the next
five years. The availability of an HPV
vaccine would raise several
implementation issues that must be
addressed if the vaccine is to achieve the
coverage necessary to significantly reduce
the incidence of cervical cancer. The main
implementation issues will differ between
developing countries, where cervical
cancer is often a leading cause of cancer
deaths in women, and developed
countries, where cervical cancer screening
programmes have already substantially
reduced the number of deaths from
cervical cancer.

Vaccines that prevent viral diseases, such as
polio, measles and smallpox, are among the
most successful public health measures ever
devised1. The fact that cervical cancer is
caused by a viral infection provides an
exceptional opportunity to use vaccination
as a tool for cancer prevention. The past two
decades have seen the accumulation of
extremely strong and consistent evidence
that human papillomavirus (HPV) infections
are a necessary cause of cervical cancer2

(TIMELINE). More than 99% of cervical cancers
contain one or more of the approximately 15
HPV genotypes that have been associated
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prophylactic vaccination programme will
be most effective if it targets adolescent or
pre-adolescent girls before the commence-
ment of sexual activity. Implementing such
a vaccination programme will be difficult as,
at present, there are no public health inter-
vention measures that routinely bring pre-
adolescent girls to a clinic three times over a
six-month period. Coverage would probably
be increased if the vaccine could be admin-
istered as part of the infant immunization
programme, perhaps with a booster injection
at age 12. However, a trial to investigate the
effectiveness of this strategy would be daunt-
ing because it would take 15–20 years to
complete. It is difficult to imagine a vaccine
manufacturer sponsoring such a trial, and
there seem to be no plans for a public-sector
trial of this type.

The vaccination of sexually active
women could prevent HPV infection in
those who have not yet been exposed to the
HPV genotypes contained in the vaccine.
Unfortunately, VLP vaccination is unlikely
to induce regression of established cervical
dysplasias because the L1 protein is not
expressed in the basal cells of infected
epithelium where virus infection is thought to
be maintained18. This conjecture is supported
by studies in which VLP vaccination did not
induce regression of papillomavirus-induced
neoplasia (proliferative lesions) in animal
models19. However, there are two potential
benefits of vaccinating a woman currently
infected with HPV16 or HPV18. The first is
that it could decrease her risk of developing
cervical cancer. Oncogenic HPVs infect many
sites on the vulva, vagina and cervix17, but
cancers usually develop at a metaplastic tran-
sition zone between the squamous and

columnar epithelia in the cervix (known as
the transformation zone; FIG.2)20. Vaccine-
induced neutralizing antibodies that are
present in the mucus of a woman’s genital
tract21 might prevent the virus spreading
from sites with low potential for malignant
progression to the transformation zone.
Second, vaccination of a woman with an
active infection might decrease the likelihood
of transmission to a new sexual partner
because any shed virus could be inactivated
by the neutralizing antibodies that are present
in mucosal secretions. Although technically
challenging, it would be desirable to deter-
mine the extent to which vaccination
decreases the potential for transmission, as this
would help to estimate the potential increase
in herd immunity that could be achieved by
vaccinating sexually active women. Given our
current knowledge, it might be worthwhile to
consider vaccinating sexually active young
women in situations where it does not place
an undue burden on healthcare resources. In
situations where resources are more limited, it
would probably be preferable to focus efforts
on vaccinating pre-adolescents.

The vaccination of males is the subject of
much debate. One would expect that vacci-
nating males against a sexually transmitted
infection would decrease infection rates in
women through herd immunity. However,
in this instance, it is difficult to estimate the
amount of protection vaccination would
afford because the transmission dynamics of
genital HPV infections are not well under-
stood22. Also, it is possible that the promising
efficacy results seen in women might not be
matched in men. The principal sites for
oncogenic HPV infections in men are prob-
ably on the external genitalia, which would
not be bathed in mucus and therefore
would not be exposed to neutralizing anti-
bodies after vaccination. Men could be pro-
tected if infections occur primarily at sites of
trauma that result in the exudation of serum
antibodies. However, the recent results of a
herpes simplex glycoprotein D vaccine
trial23, reporting protection in women but
not men, supports the possibility that the
subunit HPV vaccine could have different
efficacies in the two sexes. It is also likely
that vaccination of men with prevalent
infections will do little to inhibit the spread
of infection, because virus shed from a
man’s external genital lesions would not
normally contact his vaccine-induced neutral-
izing antibodies. The Merck vaccine, but not
the GlaxoSmithKline vaccine, also contains
HPV6 and HPV11 VLPs. As most genital
warts are caused by these two genotypes, this
vaccine has the potential to be licensed to

Figure 1 | Electronphotomicrograph of human
papillomavirus (HPV)16 L1 virus-like particles.
The virus-like particles were purified from L1-
recombinant baculovirus-infected insect cells.
Staining is with uranyl acetate. Reproduced with
permission from REF. 43 © (2000) Elsevier Science.
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Figure 2 | Schematic representation of the
production of, and vaccination with, human
papillomavirus (HPV) virus-like particles
(VLPs). The HPV major capsid protein L1 can fold
correctly and self-assemble into VLPs when
expressed in eukaryotic cells. VLPs aim to protect
against the development of cervical cancer;
protection would be mediated by the induction of
high titres of neutralizing antibodies against the HPV
genotypes in the vaccine that prevent the virus
infecting the transformation zone, a metaplastic
area between the squamous and columnar
epithelia in the cervix, where most cancers arise. 
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number of women with abnormal Pap tests,
thereby reducing the number who must
undergo colposcopic examination (an exami-
nation of the vagina and cervix using an
instrument fitted with a low-power micro-
scope), biopsy and surgical removal of pre-
malignant lesions27. Finally, vaccination could
also complement screening programmes by
reaching those women who do not regularly
attend. In countries with cervical screening
programmes, approximately 50% of cervical
cancers occur in women who do not attend for
screening or are not screened regularly28. If
these women could be reached by a vaccination
programme, the public health benefits would
be substantial.

There are concerns that widespread cervical
cancer vaccination could lead to decreased
compliance with Pap screening programmes.
Women might erroneously assume that the
vaccine provides protection against all cervi-
cal cancers, not just those caused by incident
HPV16 and HPV18 infection. They might
no longer feel the need to attend for screen-
ing, which they could find inconvenient or
objectionable. If this occurred, then the intro-
duction of an HPV vaccination programme
could paradoxically lead to an increase in the
incidence of cervical cancer. It could also lead
to an increase in vulvar and perianal cancers,
which would otherwise be diagnosed during
the screening examinations. More generally,
Pap screening often provides an important
portal of entry for women into the healthcare
system, and so the overall health of women
could suffer if they abandon screening pro-
grammes. This trend could be countered by
educating vaccinated women, but the issue of
who will pay for the education programmes
remains. The pharmaceutical companies can
certainly be expected to educate physicians
and the public on the benefits of vaccination.
It is less clear to what extent they can be held
responsible for promoting the continued
desirability of cervical cancer screening.

Vaccination in developing countries
Cervical cancer is the leading cause of cancer
deaths in women in many developing countries
that lack organized screening programmes29,

possibly higher, if there is a large degree of
information exchange between neighbouring
countries. Furthermore, these programmes
take many years to have an effect.The prospects
of achieving a noticeable impact on the public
acceptance of HPV vaccination within the
period of time that is envisaged for the intro-
duction of the vaccine will be greatly reduced
unless serious efforts are started immediately.

Impact on cervical cancer screening
Cervical cancer is unusual in that highly
effective screening programmes, based on
cervical cytology (Pap) tests, already exist in
many developed countries. In these countries,
HPV vaccines must be considered both in
light of their expected added value to cervical
cancer prevention and their potential impact
on compliance with cervical cancer screening.
In countries such as the United States, which
have high-quality, frequent and widespread
screening programmes, the incidence of
cervical cancers has decreased more than 80%
since screening was first implemented (see
Screening for cervical cancer in the online
links box). It is very unlikely that programmes
based on the current vaccine candidates could
replace cervical cancer screening in these
settings. Even overly optimistic projections of
100% coverage with a vaccine that is 100%
effective against HPV16 and HPV18 would
result in a vaccination programme that would
be less effective than the best Pap screening
programmes because at least 25% of cancers
are caused by HPV genotypes other than
HPV16 and HPV18.

However, cervical screening programmes
are very expensive, costing an estimated 
US $6 billion annually in the United States
alone25. Projections have been made that a
combination of vaccination and screening
might be more cost effective, with no com-
promise in protection, if the age at which
patients are first screened was raised and/or
screening intervals were increased26. It is note-
worthy that these projections are sensitive
to the cost of the vaccine and length of pro-
tection, two unknown variables at present. An
effective vaccine would provide a benefit in
terms of morbidity and cost by reducing the

treat this disease in men, providing efficacy is
demonstrated. All trials so far have involved
women. It will be important to conduct trials
that specifically evaluate protection from
genital HPV infection in men before making
general decisions on whether to promote their
vaccination. However, the lack of a well-
validated procedure for sample collection to
assess genital HPV infection in men could
complicate the interpretation of the trial results.

Public acceptance of HPV vaccination
As HPV is a sexually transmitted infection, it is
potentially subject to the same stigma that
accompanies more widely recognized sexually
transmitted infections, such as syphilis,
chlamydia and HIV. It is therefore uncertain
whether many parents would willingly accept
vaccination of their eleven- or twelve-year-old
daughters for sexually transmitted infections
— they might perhaps prefer to think that this
is an issue that could be addressed at a later
time. The issue is further complicated because
most of the general public have no knowledge
of HPV, its involvement with cervical cancer
or the need to vaccinate before exposure to the
virus, and therefore have no basis on which to
judge the importance or timing of HPV vacci-
nation24. Acceptance could be increased by
emphasizing the anticancer aspects of the vac-
cine, but it would be difficult and deceptive to
ignore the connection to sexual transmission.

Overcoming the barriers to acceptance
will require a coordinated public health
education programme with clear informa-
tion that achieves an appropriate balance
between the sexual transmission and cervical
carcinogenesis messages. If the messages are
to be accepted by the target communities, it
is also important to be sensitive to societal
concerns about sexual activity in adolescents.
The possibility has been raised that the vaccine
could promote promiscuity, by relieving the
fear of acquiring a cancer-causing sexually
transmitted infection. Although it might
seem unlikely that fear of HPV infection is a
significant factor in decisions regarding sexual
activity, public perceptions that the vaccine
could promote an increase in sexual activity,
or other similar concerns, are issues that
must be evaluated and addressed.

It is also important to recognize that public
health education programmes are complex
undertakings. The messages that are associated
with these programmes must be consistent,
using terminology that is appropriate to the
target audiences, and they must be communi-
cated through several different channels. As
such, they are best developed by people skilled
in public health education, and should be
coordinated at least at a national level, and

Table 1 | Large-scale human papillomavirus (HPV) vaccine efficacy trials

Vaccine sponsor HPV genotypes Adjuvant Trial sites

National Cancer Institute HPV16, HPV18 AS04 Costa Rica

GlaxoSmithKline HPV16, HPV18 AS04 United States, South
America, Europe

Merck HPV16, HPV18, HPV6, HPV11 Alum United States, South 
America, Europe

Thousands of young women will be followed for several years. Endpoints: CIN (cervical intraepithelial
neoplasia) 2–3, 4–5 years follow-up; persistent HPV DNA, 2–3 years follow-up.
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their support. It would not be a satisfactory
outcome if HPV vaccines are proven to be
safe and effective at preventing cervical
cancer but are not made available to the
women of the world who are most in need
of them.
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and these countries could benefit enormously
from an effective HPV vaccine. Models to
estimate the relative benefits of HPV vacci-
nation versus screening programmes for the
cost-effective reduction in cervical cancer
deaths in specific settings could be helpful
to decision makers. However, these analyses
are difficult at present, owing to the uncer-
tainties concerning the cost, effectiveness
and duration of protection for the vaccine,
and the rapid development of alternative
cervical cancer screening strategies30–32. One
very important consideration is that effec-
tive screening programmes will have a rapid
impact on the reduction of cervical cancer
morbidity and mortality. Prophylactic vac-
cine programmes that target adolescents
would take more than a decade to have an
impact, as it generally takes at least this long
for an incident HPV infection to progress to
cancer. Even if vaccination was the most cost-
effective alternative, it might prove difficult
for public health officials to champion a
strategy that did not substantially reduce
cervical cancer rates in the current generation
of women.

The implementation of vaccination in
developing countries is also complex. The
experience with the hepatitis B vaccine
illustrates the difficulties of implementing a
subunit anticancer vaccine in these settings.
Twenty years after their introduction,
hepatitis B immunization programmes
have been introduced into only 130 of 206
countries, despite the current cost of just
US $0.30 per dose and a World Health
Organization recommendation that it be
incorporated into routine infant immuniza-
tion programmes33. Several initiatives could
be undertaken to shorten the timeline for an
HPV vaccine. The first would be to undertake
modest-scale proof-of-efficacy trials of the
current vaccine candidates in countries of
intermediate development with substantial
cervical cancer burdens. In these countries,
this could promote acceptance of — and
advocacy for — HPV vaccines among both
healthcare professionals and the public,
which could increase uptake.

A second initiative would be to develop
HPV vaccines that are better suited for distri-
bution in low-resource settings. The current
candidates are expensive to manufacture, as
they require different VLPs for each HPV
genotype that is covered in the vaccine, and
the VLPs must be extensively purified from
cultured eukaryotic cells. The vaccines will
also be expensive to distribute, as they would
involve a cold chain and three intramuscular
injections of adolescents. Effective vaccines
that could be manufactured less expensively,
would not require a cold chain, could be
administered without a needle (preferably in
a single dose) and/or could prevent infection
by many oncogenic genotypes would facilitate
the introduction of vaccination programmes
in low-resource settings and thereby increase
the number of women that are protected
from cervical cancer. It would also be desir-
able to develop a combined prophylactic/
therapeutic vaccine that could both prevent
infection and induce regression of pre-
malignant HPV-induced cervical lesions.
This could decrease the incidence of cervical
cancer in the current generation of women,
while providing maximum protection for the
next generation. A combined vaccine would
also promote mass immunization campaigns,
which could potentially lead to more rapid
development of effective herd immunity.
Some promising strategies that could poten-
tially address one or more of the deficits of
the current vaccine are currently under
investigation (TABLE 2), but none is ready for
large-scale clinical trials.

A crucial question for the development
of second-generation vaccines is who will
sponsor it. The prospect of two major vaccine
manufacturers marketing an HPV vaccine
in developed countries within a few years
will almost certainly dampen enthusiasm for
alternative vaccine development in the com-
mercial sector. It therefore seems likely that it
would have to be a predominately public-
sector initiative, based on the support of
governments and private foundations.
Efforts are needed to convince these organi-
zations that such an initiative is worthy of

Table 2 | Selected HPV vaccine strategies that might facilitate implementation in developing countries

Strategy Potential advantage Trials References

VLP aerosol administration Ease of distribution Animal and human* 34

VLP oral administration Ease of distribution Animal 35

VLP plant production Low production costs Animal 36,37

L2 minor capsid protein Type cross-protective antibodies Animal and human 38,39

L1 recombinant Salmonella spp. Low production costs/ease of distribution Animal 40

E7 chimeric VLPs Combined therapeutic/prophylactic vaccine Animal and human* 41,42

*Unpublished meeting reports. HPV, human papillomavirus; VLP, virus-like particle.
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