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Abstract
Human papillomavirus (HPV)-related cancers are a major worldwide public health concern.
Virtually all cervical cancer is HPV-related, with 70% caused by HPV16 and -18. Variable
proportions of certain non-cervical cancers (e.g., anal, vulvar, oropharyngeal) are HPV-related;
over 90% of the HPV-related ones are related to HPV16, -18. The HPV-related cancers are
dominated by cervical cancer in the developing world, where cervical cancer screening is limited.
In this setting, widespread uptake of current HPV vaccines by adolescent girls could reduce this
cancer's incidence and mortality by approximately two-thirds, with cost-effective screening
programs of adult women having the potential to reduce mortality more rapidly. In the
industrialized world, non-cervical HPV-related cancers, especially oropharyngeal, are rapidly
increasing, and now rival the incidence of cervical cancer, whose rates continue to decline thanks
to established cervical screening programs. Therefore, reducing HPV-associated non-cervical
cancers with HPV vaccination has greater importance in the industrialized world, especially since
there are no approved screening programs for these cancers. Preventing the substantial number of
non-cervical HPV cancers in men will require either “herd” immunity through high vaccination
rates in females or male vaccination. Current HPV vaccination can complement cervical screening
in protecting against cervical cancer and may permit the safe reduction of screening intensity in
industrialized countries. Second-generation HPV vaccines (active against a broader array of
cervical cancer–related HPV types) could prevent an even higher proportion of cervical precancer
and cancer and might permit further reductions in screening intensity.

The Burden of HPV-associated Cancer in the Developing versus
Industrialized World

Human papillomavirus (HPV) infection causes virtually all cases of cervical cancer and a
variable proportion of certain non-cervical malignancies including vulvar, vaginal, penile,
anal, and oropharyngeal cancer (1). Cervical cancer dominates the worldwide HPV-
associated cancers (Fig. 1). The worldwide incidence profile is similar to that of the HPV-
associated cancers in the developing world, as approximately 80% of the worldwide cervical
cancers occur in the nations in the developing world, where this cancer is frequently the
most common cause of cancer-related deaths in women. However, the developing and
industrialized world have substantially different patterns of HPV-associated cervical and
non-cervical cancers (Table 1). The high cervical cancer incidence in the developing world
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results mainly from a lack of resources devoted to widespread effective cervical cancer
screening programs. By contrast, screening programs in industrialized countries have
substantially reduced the incidence and mortality from cervical cancer (2). Because of the
reduction in cervical cancer, combined with a rising incidence in HPV-related anal and
especially oropharyngeal cancer, which increased more than four-fold 1988-2004, the
incidence of HPV-associated non-cervical cancers may be similar to that of cervical cancer
in industrialized countries such as the U.S. (Fig. 2; refs. (3, 4). Furthermore, more than one-
quarter of the HPV-associated cancers in the U.S. occur in males, largely because most
patients with oropharyngeal cancer are male as well as almost one-half of anal cancer
patients. The proportion of non-cervical HPV-associated cancers is much lower in the
developing world. Thus, HPV-associated malignancies in the developing world are
dominated by cervical cancer, implying that the vast majority of HPV infections that lead to
cancer in this setting occur in women. HPV-associated malignancies in the U.S., however,
are not dominated by cancer at a single anatomic site, and a substantial minority occur in
males.

The Current HPV Vaccines
Persistent infection by HPV16 and HPV18 accounts for about 70% of cervical cancer
worldwide, with relatively small region-specific differences (5); about ten other HPV types
contribute to the remaining 30% (6). More than 90% of the HPV-associated non-cervical
cancers are attributable to HPV16 and -18, with HPV16 accounting for the vast majority.
The two FDA-approved HPV vaccines are manufactured by Merck (Gardasil) and
GlaxoSmithKline (Cervarix). They are non-infectious subunit vaccines produced by
expressing the viral L1 major capsid protein in yeast (for the Merck vaccine) or insect cells
(for the GSK vaccine). The L1 protein has the ability to efficiently self-assemble into virus-
like particles (VLPs), which are highly immunogenic (7). GSK's vaccine is bivalent, being
composed of VLPs from HPV16 and -18 (8). Merck's vaccine is a quadrivalent, being
composed of VLPs from HPV6, -11, -16, and -18 (HPV6 and -11 account for close to 90%
of genital warts; ref. (9).

The large-scale international phase III clinical trials of HPV vaccines were focused on
women because of the high global burden of cervical cancer. Each vaccine induced high
protection against persistent incident infection and premalignant anogenital disease
associated with HPV16 and -18 (and against HPV6 and -11–associated genital warts for the
Merck vaccine; refs. (8, 9). The vaccines also induced some cross-protection against other
HPV types, with the GSK vaccine apparently more protective in this regard than was the
Merck vaccine (10, 11). Smaller trials of the Merck vaccine in males have demonstrated
protection against genital warts and premalignant anal neoplasia (12, 13). In the U.S. and
many other countries, the GSK vaccine is approved for females aged 10–25 years, and the
Merck vaccine is approved for females and males aged 9–26 years. It is uncertain whether
trials to evaluate these vaccines’ efficacy against oropharyngeal cancer will ever by
conducted, largely because this cancer, unlike other HPV-associated cancers, is not
associated with a recognized premalignant lesion for which to develop a screen (14).

Reducing Cervical Cancer in the Developing World: The Non-overlapping
Roles of Vaccination and Screening

Regional differences in the distribution of HPV-associated cancer imply that approaches to
reduce the burden of HPV-associated disease may vary to some degree with the setting. In
regions with a high incidence of cervical cancer, reducing this cancer is the primary goal.
The Global Alliance for Vaccines and Immunization (GAVI Alliance), which strongly
supports widespread implementation of vaccines to the developing world, recently decided
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to add HPV vaccines to its list of vaccines subsidized in the poorest countries
(http://www.gavialliance.org/library/news/press-releases/2011/gavi-takes-first-steps-to-
introduce-vaccines-against-cervical-cancer-and-rubella/), thanks in part to tiered pricing by
the manufacturers that drastically reduces the cost of each dose. It has, therefore, now
becomes feasible to seriously consider widespread sustained vaccination of populations
where the vaccine may have the greatest public health impact. To be most cost-effective, the
vaccine will target mainly adolescent girls who have not yet become sexually active. They
are the preferred group for vaccination because the HPV vaccines prevent new infections,
many of these infections occur soon after initiation of sexual activity, and the vaccines are
ineffective against pre-existing infections (15, 16).

Although the Merck and GSK vaccines have been licensed to be given in three doses over a
six-month period, it could be worthwhile to consider a two-dose regimen in some settings,
as already implemented in some parts of Canada and Mexico (vaccine doses are given at
zero and six months; if necessary, a third dose will be given at 60 months). Compared with
three doses, two doses are easier to administer and less expensive. The rationale for this
approach is substantial. The large phase III vaccine trials were conducted in sexually active
young women who were 16–23 years old at the time of vaccination, whereas the main target
population for the vaccine is young adolescents who are not yet sexually active. The
vaccines have been found to be more immunogenic in 10–15-year-old adolescents than in
the young women, with peak antibody titers being approximately two times higher in the
young adolescents (17, 18). Furthermore, two vaccine doses separated by six months in
young adolescents resulted in sustained antibody titers that were comparable to those
resulting from three doses in the young women (19). Although the National Cancer Institute
(NCI) clinical trial of the GSK vaccine in Costa Rica indicated that vaccine efficacy, as
measured by persistent HPV16 and -18 infection over the four-year period of the trial, was
as strong for one or two doses as for the planned three doses, the longer-term duration of
protection is unknown (20). Given that the immune response may be less robust in some
developing world settings than others, it will be important to test the antibody titers induced
by the vaccine as it is implemented in the developing world.

What about females who are too old for cost-effective population-wide vaccination? In this
regard, cervical cancer has some unusual aspects. First, most vaccines are developed to
protect against disease that develops soon after infection. However, although the members
of the target population for the HPV vaccine likely to be exposed to HPV infection soon
after vaccination, cervical cancer does not usually develop until at least 20 years after
infection (6). Therefore, a population-wide impact on this disease would not be expected
until 20–30 years after implementation of an HPV vaccination program. Second, population-
wide screening is a proven public health measure for preventing cervical cancer in infected
women. In contrast, most other viral-induced diseases for which there are effective vaccines
do not have public health interventions that can substantially reduce the risk of a serious
outcome in infected patients. Although screening does not prevent infection, it has the
advantage over vaccination of being able to reduce cervical cancer incidence and mortality
after a much shorter interval. For example, in rural India, an HPV-based test used as a once
in a lifetime screen in women 30–59 years old resulted in a sustained reduction in cervical
cancer mortality within 5 years (21). Therefore, cervical cancer screening could be used in
developing regions for adult women who are too old for vaccination.

To the extent that the public health goal is to reduce cervical cancer, screening is as valid an
approach as vaccination, with cost-effectiveness, logistical concerns, and side effects
guiding recommendations for both modalities. Traditionally, it has been thought that
effective screening programs are too expensive for widespread implementation in low-
resource settings. However, the recent development and validation of inexpensive HPV-
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based testing may make it possible for such programs to be cost-effective in low-resource
settings (22). If this happens, implementation of a program of HPV vaccination for young
women who are not yet sexually active could be combined with screening of adult women
once to three times in a lifetime, until the vaccinated women become old enough for
screening to be phased out (or possibly retained if it remained cost-effective to continue
screening them; refs. (23, 24). In sum, screening and vaccination would be a non-
overlapping dual approach that could be a cost-effective way to target this disease, with
screening having an impact on cervical cancer until the beneficial effects of adolescent
vaccination are achieved.

Implementation of vaccination and screening will require considerable effort and
commitment, as there is neither an adolescent vaccine platform in most developing countries
nor established screening for adults. Some countries lack other pre-requisites for such
programs. For example, the lack of a cancer registry would make it difficult to determine the
effectiveness of these interventions. Therefore, implementation of these programs may
require the development of additional infrastructure and capacity. However, such
development might also be beneficial for other aspects of medical care.

Reducing HPV-associated Cancer in the Industrialized World
In places that already have effective cervical cancer screening programs, the main goal of
vaccination is to have an impact on the various precancers and cancers attributable to HPV
infection, including cervical precancer and cancer (15). Because screening is used to identify
and treat higher-grade cervical dysplasia, the vaccination benefit of reducing these
dysplasias and their associated ablative therapy has a clinical impact much sooner than does
a reduction in cervical cancer.

The ability of the HPV vaccines to protect against the HPV-associated non-cervical cancers
is a benefit not mimicked by screening, as there are no approved screening programs for
these cancers. Regarding cervical cancer, however, cervical cancer screening can identify
and treat many of the lesions that would be prevented by vaccination. In this sense, there is
some overlap of the roles of cervical cancer screening and HPV vaccination in preventing
cervical neoplasia when the same woman is vaccinated and subsequently screened, as occurs
in the industrialized world. A non-overlapping benefit of screening, however, is that it
should be able to detect most cervical precancers and cancers not prevented by the current
vaccines. In addition, there are two reasons why vaccine should be more effective than
screening by cytology in preventing cervical adenocarcinoma. First, cytologic screening is
substantially less sensitive in detecting adenocarcinoma and its precursors compared with
detecting squamous cell carcinoma and its precursors, which has contributed to
adenocarcinoma accounting for a progressively larger proportion of cervical cancer in
industrialized countries (25). (It should be noted, however, that screening by HPV testing
can identify lesions that give rise to both types of tumors and their precursors with high
sensitivity; ref. (26).) Second, about 80% of cervical adenocarcinoma is attributable to
HPV16 and -18 infection, compared with about 70% for squamous cell carcinoma (27),
which implies that the vaccines should be more effective in preventing adenocarcinoma than
squamous cell carcinoma (28). Therefore, there is a strong case for vaccination and
screening each making important non-overlapping contributions to the prevention of
cervical cancer, in addition to the overlapping disease that either can prevent. A possible
additional benefit of vaccination is that it may be safe to reduce the screening intensity of
vaccinated women (15).

Since HPV infection is sexually transmitted, modeling suggests that high vaccination rates
of one gender should confer herd immunity for both genders (29). Consistent with this
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prediction, within two years of vaccine implementation in Australia, where about two-thirds
of young women had been fully vaccinated with the Merck vaccine, there was almost a 60%
reduction in new cases of genital warts and a more modest, but also significant, 28%
reduction in genital warts among young males who have sex with women, but not among
young males who have sex with men (30). Vaccination rates have been substantially lower
in the U.S. than in Australia. At the end of 2010, 49% of U.S. girls 13–17 years old had
received at least one dose, and 32% had received all three doses, which may be attributable
to several factors (31) (32).

The U.S. vaccination rate is not expected to result in substantial herd immunity, and
modeling based on these conditions suggests that male vaccination can contribute to
protection in women, although less efficiently than would be achieved by vaccinating the
same number of additional females (29). Other factors that favor male vaccination in this
setting include its ability to directly reduce HPV-associated cancer risk for the vaccinees,
and the greater likelihood of male vaccination to reduce HPV-associated cancer in men who
have sex with men, who are less likely to benefit from female vaccination. For these
reasons, the Centers for Disease Control and Prevention (CDC) Advisory Committee on
Immunization Practices (ACIP), which makes federal recommendations for vaccines,
recently upgraded its recommendation for male vaccination to “routine,” the same level as
for female vaccination
(http://www.cdc.gov/media/releases/2011/t1025_hpv_12yroldvaccine.html). The CDC is
making strong efforts to encourage increased vaccine uptake in both genders.

A Glimpse of the Future: Potential Utility of Second-generation Vaccines
Limitations of the current HPV vaccines include the need for multiple parenteral doses, the
lack of protection against some HPV types that cause cervical cancer, and a relatively high
cost. The opportunity to overcome one or more of these limitations provides a rationale for
developing candidate second-generation vaccines. Low-cost second-generation vaccines that
could induce long-term protective immunity with fewer doses would be especially attractive
for the developing world. One attractive approach for developing such a vaccine is to
express the L1 capsid protein in an existing vaccine, as has been reported for Salmonella and
measles vaccines (33, 34). Vaccines with activity against a broader range of the HPV types
that cause cervical cancer could increase their effectiveness throughout the world, and
Merck has indicated that a nonavalent (nine HPV targets) VLP vaccine is currently in
clinical trials (35). If successful, such a vaccine might reduce the frequency of potentially
oncogenic infections to a degree that would permit a drastic reduction in cervical cancer
screening, which accounts for most of the cost of HPV-associated disease in developed
countries (36).

Summary
In the developing world, HPV-associated malignancies are dominated by cervical cancer,
and widespread uptake of the current HPV vaccines has the potential to reduce the incidence
and mortality from this disease by at least two-thirds. A reduction in mortality could be
achieved more rapidly if cost-effective cervical cancer screening programs for adult women
were implemented along with vaccination of young adolescent girls. Although they
currently have only a limited presence in developing countries, cervical screening plus HPV
vaccination could have non-overlapping benefits in reducing cervical cancer. In the
industrialized world, the number of non-cervical HPV-associated cancers rivals that of
cervical cancers, thanks to established cervical cancer screening programs as well as
increases in the incidence of noncervical cancers. Therefore, reducing the non-cervical
cancers associated with HPV has greater importance in the industrialized world, and HPV
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vaccination is a major modality for achieving this goal since there are no approved screening
programs for non-cervical HPV-associated cancers. A substantial minority of non-cervical
cancers occur in men; protecting them requires either the development of herd immunity
through high vaccination rates of females, or male vaccination if there is relatively low
vaccine uptake in females, as is occurring in the U.S. For cervical cancer, HPV vaccination
and screening for the same women can promote the highest level of protection, and
vaccination may have the potential to permit the safe reduction of screening intensity of
vaccinated women. Second-generation HPV vaccines with a lower cost and needing fewer
doses could be especially useful for developing countries, while those with activity against a
broader array of the HPV types that cause cervical cancer could prevent an even higher
proportion of cervical precancer and cancer and might also permit further reductions in
screening intensity in industrialized countries.
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Figure 1.
A, worldwide incidence and distribution of HPV-associated cancers (data from ref. 1). Red,
HPV-positive cancer; white, HPV-negative cancer. B, incidence and distribution of HPV-
associated cancers in the U.S. (data from refs. 3 and 4). The approximate percentage of
HPV-associated cancer attributable to HPV16 and -18 is also shown. Red, HPV-positive
cancer; white, HPV-negative cancer.
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