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• Do not use Gardasil9 as a booster vaccine for those already vaccinated.
• Gardasil9 and Cervarix are equivalent in efficacy against CIN 2+ regardless of HPV type.
• Only two doses of HPV vaccine for 9–15 year olds at 6 month or 1 year intervals.
• Cervarix has 91% efficacy in women older than 25 years lasting for at least 7 years.
• HPV vaccines reduce abnormal screening tests, colposcopies and excisions.
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Pre-adolescent girls (9–15 years) have the option of receiving a two dose HPV vaccine series at either a sixmonth
or one year interval to provide protection fromHPV 16, the most prevalent type associatedwith cervical cancers,
as well as several other less prevalent types. This series of vaccinations is highly likely to protect her from HPV
infection until she enters the routine screening program, whether that be primary HPV testing or a combination
of HPV testing and cytology. The two dose program has been recommended by the World Health Organization
(WHO) since 2015. For women 15 years and older, the three dose vaccine schedule is still recommended.
The past ten years of Gardasil use has provided evidence of reduced HPV 16/18 infections in countries where
there has been high coverage. Gardasil9 has replaced Gardasil. Gardasil9 has the same rapid anti-HPV 18 and
HPV45 titer loss as Gardasil did. Cervarix remains equivalent to Gardasil9 in the prevention of HPV infections
and precancers of any HPV type; Cervarix also has demonstrated sustained high antibody titers for at least
10 years.
One dose of Cervarix provides protection against HPV 16/18 infection with robust antibody titers well above nat-
ural infection titers. Thismay offer the easiest andmost cost effective vaccination programover time, especially in
low and lower middle income countries. Cervical cancer screening must continue to control cancer incidence
over the upcoming decades.
Future studies of prophylactic HPV vaccines, as defined by the WHO, must demonstrate protection against six
month type specific persistent infections, not actual cervical cancer precursor disease endpoints, such as cervical
intraepithelial neoplasia grade 3 (CIN 3) or adenocarcinoma in situ (AIS). This simplifies and makes less expen-
sive future comparative studies between existing and new generic vaccines.

© 2017 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Human papillomavirus (HPV) associated cancers include those of
the cervix, vulva, vagina, penis, anus, rectum and oropharynx [1]. Be-
cause over 80% of all HPV associated cancers occur in the cervix, nearly
all of the evidence for prophylactic vaccine prevention of incident type-
specific HPV infection is in cervical disease [2]. The first vaccine to be ap-
proved, Gardasil, has been replaced by Gardasil9 whose overall preven-
tion of CIN 3 disease is non-inferior to that of the competing cervical
cancer HPV vaccine, Cervarix [3,4].We discuss all three vaccines relative
to their cancer prevention potential in this review.

2. Vaccine composition

All three vaccines contain synthetically manufactured virus like par-
ticles (VLPs) of the L1 epitope. Table 1 presents the differing vaccine
components. Gardasil9 contains more than twice the antigenic load
and more than twice the aluminum load of Gardasil; Gardasil9 has in-
creased concentrations of L1 virus like particles (VLPs) for HPV 16 and
18 in order to induce antibody responses that are non-inferior to
Gardasil [5]. Cervarix has the least antigenic concentration of the three
vaccines, and contains an advanced adjuvant for enhanced immunoge-
nicity, AS04 [6]. AS04mimics a Toll-like receptor 4 agonist providing di-
rect stimulation of antigen presenting cells, pronounced cellular and
humoral immune responses, and long lasting antibody responses [7].
Table 1
Vaccine composition of a 0.5 ml dose of HPV vaccine [3,4].

Gardasil Gardasil9 Cervarix

Oncogenic protein subunit component L1 VLP, μg
HPV 16 40 60 20
HPV 18 20 40 20
HPV 31 20
HPV 33 20
HPV 45 20
HPV 52 20
HPV 58 20

Verrucous protein subunit component L1 VLP, μg
HPV 6 20 30
HPV 11 40 40

Manufacturing components
Sodium chloride, mg 9.56 9.56 4.4
L-Histidine, mg 0.78 0.78
Polysorbate 80, μg 50 50
Sodium borate, μg 35 35
Sodium dihydrogen phosphate dihydrate, mg 0.624

Adjuvant
Amorphous aluminum hydroxyphosphate
sulfate, μg

225 500

3-O-Desacyl-4′-monophosphoryl lipid
(MPL) A, μg, adsorbed on

50

Aluminum hydroxide salt, μg 500
Expression system

Recombinant Saccharomyces cerevisiae Yeast Yeast
Trichoplusia ni insect cells Baculovirus
3. Immunogenicity

3.1. Immunogenicity as an endpoint

The World Health Organization (WHO), the National Cancer Insti-
tute (NCI), and the International Agency for Research on Cancer
(IARC) agreed in 2013 that immunologic non-inferioritywas a sufficient
endpoint for VLP based HPV vaccine trials for those 16–26 years of age
after persistent type-specific infection protection for at least six months
was established [8]. For those younger than 16 years, WHO standards
indicate that immunobridging studies showingnon-inferior antibody ti-
ters to those in the 16–26 year old group are the only acceptable end-
point; and, for those older than 26 years, prevention of persistent
infection for at least 6 months with vaccine specific HPV types was ac-
ceptable for declaring prevention at the cervical, anal and oral anatom-
ical sites. Vulvar/vaginal protection must be proven by actual disease
prevention defined as grade 2/3 HPV 16/18 specific intraepithelial neo-
plasia (VaIN 2+/VIN 2+).

Antibody titers, while the primary recognized endpoint in VLP based
HPV vaccine studies, to date do not define a surrogate level of protection
against cancer or its precursors. Nevertheless, because there are very
limited long term disease based endpoint studies, antibody titers over
time are the surrogate used to estimate duration of population protec-
tion after vaccination. The titers are highly dependent on the number
and timing of vaccine doses. Natural infection titers do not provide pro-
tection against same type infection [9] and hence serve as a comparator
to long term induced geometric mean titers (GMTs) for inferences
about duration of protection against type specific HPV infection. Natural
infection titers are higher than the seropositive cut-off values for assay
detection.

3.2. Comparison of the immunogenicity of three doses of HPV vaccine

Head to head trials of three doses of Cervarix vs Gardasil in women
[10–13] and in 12–15 years old adolescents [14] are complete. Seropos-
itivity for anti-HPV16 titers after 5 years is high for both Cervarix and
Gardasil, but the actual induced GMTs measured by pseudovirion
based neutralization assay (PBNA) are significantly lower for Gardasil
than Cervarix; the decrease in titers might affect the long term duration
of protection. Gardasil has significantly lower seropositivity retention
and GMTs for anti-HPV18 titers than Cervarix. Cervarix also exhibited
significantly greater serum binding antibody responses for both HPV
16/18 than Gardasil [14]. Gardasil9 induces similar anti-HPV16/18 re-
sponses as Gardasil. Likewise, Gardasil is inferior compared to Cervarix
both in percentage and geometric mean number of CD4+ T cell re-
sponders against both HPV16 and 18; as well as the significantly
lower geometric mean number of memory B cells for HPV18 at
48 months [14].

Duration of antibody response is critical for clinical prevention of
HPV infection. Cervarix has high anti-HPV16 and HPV18 antibody titers
for at least 9.4 years [15] in longitudinal follow-up studies; Gardasil has



Fig. 1. Anti-HPV16 and anti-HPV18 response following fewer than three doses of Cervarix
over 48 months [24]. *Vaccination could occur at month 0, 1, and 6 months. Total
vaccinated cohort defined as 7466 women randomized to HPV or hepatitis A vaccine
and followed for 4 years; 20% received fewer than 3 doses. Dashed orange line
represents the laboratory determined seropositivity cutoff (HPV16 = 8 EU/ml; HPV18
= 7 EU/ml). Solid blue line represent natural infection titers determined from
seropositive women at enrollment. HPV16: One dose induces 9.4 fold higher titers at
48 months than natural infection for HPV16. HPV18: One dose induces 4.8 fold higher
titers at 48 months than natural infection for HPV18. EU/ml means ELISA unit/milliliter.
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plateaued anti-HPV16 titers well above natural infection titers for at
least 9 years, but anti-HPV18 titers that are not different fromnatural in-
fection titers as early as 24 months after vaccination [16].

Gardasil9, in three doses, has the same loss of seropositivity and de-
cline inGMTs forHPV18 as Gardasil had [17]. Nearly 20% of Gardasil9 re-
cipients had a loss of detectable anti-HPV18 titers after 24 months. In
Gardasil recipients, after 1.5 years over 10% ofwomen had nodetectable
anti-HPV18 titers, after 3 years over 20% ofwomen lost detectable titers,
and after 5 years nearly 35% of women lost detectable titers [18]. Nearly
15% of Gardasil9 recipients had a loss of detectable anti-HPV45 (an
alpha 7 phylogenetically related type to HPV 18) titers after 24 months.
The loss of antibodies to these two HPV types is significantly greater
than the minimal loss seen among Gardasil9 recipients for anti-HPV16
titers, and potentially has implications for duration of protection. The
seropositivity and GMTs associated with Gardasil9 for anti-HPV31, 33,
52 and 58 followed the anti-HPV16 decay pattern over 24 months
[17]. Dosing intervals change the GMT responses, which is discussed
below.

Head to head trials of Cervarix vs. Gardasil9, the new comparison,
which also varies the number of doses given, have yet to be started in
Tanzania (NCT02834637).

3.3. Third dose as booster dose after a two dose Gardasil series

Canada trialed a two dose, six month interval, Gardasil vaccination
series followed by a booster three years after initial vaccination in girls
9–10 years old [19]. The booster was randomized to either Cervarix or
Gardasil. Those receiving Cervarix had significantly higher anti-
HPV16/18 titers one month post booster dose than those receiving
Gardasil.

3.4. Booster doses after a three dose Gardasil series

The pre-adolescent girls vaccinated with three doses of Gardasil
have no significant antibodies to other oncogenic HPV types than
HPV16/18. With Gardasil9 replacing Gardasil, there is a temptation to
re-vaccinate these young girls for the purpose of preventing five more
oncogenicHPV types. A randomized trial tested this hypothesis [20] giv-
ing three doses of Gardasil9 one to three years after the initial three
doses of Gardasil compared to giving three doses of Gardasil9 de novo.
GMTs measured at peak (one month after the third dose) showed that
among the girls already vaccinated with Gardasil, there was an anam-
nestic response for HPV 16/18 with titers two to three fold higher
than among the girls vaccinated de novo with Gardasil9. Unfortunately,
though, the revaccinated girls had significantly lower anti-HPV31/33/
45/52/58 titers than among the girls receiving Gardasil9 de novo, with
no indication that these low titers would provide HPV type specific in-
fection protection. In addition, while Gardasil was able to induce a
small anti-HPV31 response, there was no anamnestic response seen in
anti-HPV31 titers when revaccinated with Gardasil9, as there was
with HPV 16/18. These results, as well as the cost effectiveness analysis
[21] conclusively indicate that Gardasil9 should not be used to revacci-
nate those already vaccinated with three doses of Gardasil.

3.5. Immunogenicity of fewer than three doses

Cost effectiveness analyses have consistently indicated that if three
doses of prophylactic HPV vaccine do not provide protection from
type-specific HPV infection for at least 15 years, cervical cancer will
only be postponed, not prevented [22]. Compliance with three dose
schedules is difficult, however, especially in underserved areas and de-
veloping countries. Balancing the opportunity for fewer than three
doses with the antibody mediated long term protection is now neces-
sary, as the WHO and the Centers for Disease Control and Prevention
(CDC) currently recommend a two dose schedule at six or twelve
month intervals for those 9–15 years old [23,24].
Both Cervarix and Gardasil induce the same antibody titers in two
doses as in three doses, for their respective vaccine, if the two doses
are six months apart. Figs. 1 (Cervarix) and 2 (Gardasil) show anti-
HPV16 and HPV18 titers for vaccination schedules of fewer than three
doses [25,26]. Fig. 1 is based on women 18–25 years old; Fig. 2 is
based on girls 10–18 years old. Females are both seronegative and PCR
DNAnegative for the vaccine relevant HPV types.While an increased in-
terval between the initial two doses is logistically easier, the immediate
antibody titers induced do not necessarily increase above natural infec-
tion titers until after the second dose, where natural infection titers are
known not to be protective against new infection. A meta-analysis
points out that a six month interval, two dose Gardasil scheme results
in inferior antibody responses compared to three doses for HPV18with-
in 18months; and inferior antibody responses compared to three doses
of Cervarix for HPV 16 within 2 years [27]. This may indicate less long
term protection with two doses of Gardasil than three; longer term fol-
low-up studies are needed.

Shortening the interval to one month, instead of six for Cervarix in-
duces a lower peak titer, but a plateau level at 48 months that remains
substantially above the natural infection titer level, and only slightly
below plateaus of three doses and two doses at six month intervals.
Similarly a shorter interval of two months for the Gardasil second
dose induces a lower peak titer than any other dosing scheme but pla-
teaus to the same GMT at 36 months as three doses of Gardasil [26].
While two doses within 3 months is not formally recommended, the
similar plateau GMTS by 36 months indicate that titers are sufficiently
above natural infection titers and mirror the plateaus of the longer
two dose interval and three dose schedules; the only question becomes
the duration for which the short interval two dose antibodies are
maintained.



Fig. 2. HPV16 and HPV18 antibody concentration following fewer than three doses of Gardasil over 48 months [25]. MFI means median fluorescence intensity of the Luminex based
multiplex serology. Three doses: 0, 2, 6 months. Two doses: 0, 6 months. Two dose default: 0, 2 months. Natural infection titers have not been established for mean fluorescence
intensity units but in general are 2–4 fold higher than the seropositive cutoff. Seropositivity cutoffs for seroconversion were calculated for each HPV type, based on the MFI values
of serum samples obtained from the participants at baseline after allowing for 5% seropositivity in the total baseline samples. The immunogenicitymeasurewas the geometricmean ofMFI.
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Lengthening the interval to one year after the initial Gardasil dose for
girls 11–13 years results in 12 month plateau titers for anti-HPV16 and
HPV18 that are equivalent to the plateaus maintained for a three dose
Gardasil schedule [28,29]. Administration of two yearly interval doses
may increase compliance; a third dose at month 24 may increase lon-
gevity of antibody duration. Protection during the vaccination process
has not been evaluated.

Single dose schemes have also been investigated. One dose of
Cervarix induces significant antibody titers for both HPV16 and 18
that are above natural infection titers by 9 and almost 5 fold, respective-
ly [25]. On the other hand, one dose of Gardasil induces antibody titers
that fall below the seropositivity cutoff after 18months for both HPV 16
and 18 [26]. One dose of Cervarix at a pre-adolescent age combinedwith
a once or twice in a lifetime cervical cancer screening program may be
cost effective in resource limited countries.

A head to head trial of two doses at a six month interval of either
Cervarix or Gardasil among girls 9–14 years old showed significantly
greater GMTs for Cervarix than Gardasil at one year: 1.7 fold higher
for anti-HPV16, and 5 fold higher for anti-HPV18 [30]. In addition to
two doses of Cervarix inducing higher titers than two doses of Gardasil,
two doses of Cervarix also induced significantly higher GMTs than three
doses of Gardasil: 1.4 fold higher for anti-HPV16, and 2.8 fold higher for
anti-HPV18 [30].

Two doses of Gardasil9 at a six month interval induces peak GMTs
that are equivalent to the titers Gardasil induces against both HPV 16
and HPV18 in a two dose sixmonth interval schedule [31]. Gardasil9 in-
duces higher peak GMTs than Gardasil when the two dose interval is
12 months instead of six: 1.8 fold higher for anti-HPV16, and 1.5 fold
higher for anti-HPV18. In fact, all seven oncogenic HPV types in
Gardasil9 have higher peak GMTs when dosed at a year compared to
at six months. Based on Gardasil studies, the peak titers have no rela-
tionship to the plateau titers at 36months and beyond, potentiallymak-
ing the timing of the second Gardasil9 dose at six vs. 12 months
irrelevant to final protection, thus, providing latitude in clinical
implementation.

3.6. Immunogenicity in women older than 25 years

Both Gardasil [32] and Cervarix [33] were trialed in women 25–
45 years old (mid-adult) using three doses. Peak antibody titers for
anti-HPV16 among mid-adult Gardasil recipients are non-inferior to
those induced in 16–26 year old young women; likewise, four month
follow-up plateaus are similar for both age groups. Retention of sero-
positivity for anti-HPV16 remains above 97% for both mid-adult and
younger women over time. By contrast, though, Gardasil induced anti-
HPV18 titers in mid-adult women are significantly lower at peak than
in younger women and drop to non-protective natural infection titer
levels by 24 months. Loss of seropositivity over four years for anti-
HPV18 remains problematic regardless of age of Gardasil administration
with only 60% of 16–26 year olds retaining seropositivity, and only 48%
of mid adult women. There are no trials of Gardasil9 in mid adult aged
women.

Cervarix on the other hand, induces at least a 50 fold higher peak
titer than natural infection for both anti-HPV16 and HPV18 among
women older than 25 years, similar to the response in 16–25 year old
women [34]. Plateau titer levels after six years [33] remain non-inferior
to the younger women for anti-HPV16 titers in the mid adult women;
and, while anti-HPV18 titers are below the plateau of 16–25 year olds
by six years in mid adult women, they remain substantially above natu-
ral infection titers. All mid adult women retained seropositivity for anti-
HPV16 at six years, with 97% retention for anti-HPV18. At 10 years after
vaccination, 96% of women expressed anti-HPV16 seropositivity and
84% of women expressed anti-HPV18 seropositivity [35].

4. Efficacy

Efficacy, as defined by prevention of persistent type specific HPV in-
fection, has been reported for those women who are seronegative and
PCR DNA negative for each vaccine relevant HPV type [34,36–51].
Other variables within this population include the number of vaccine
doses received, baseline cytology, whether women were negative for
all 14 oncogenic HPV types at baseline, andwhether new cases of infec-
tion or disease were counted from the first day of the study or after the
third vaccination. The Supplementary Table defines the analytic cohorts
to determine efficacy against infection and disease used by the vaccine
manufacturers for regulatory approval. All women were 15/16–24/
26 years old, with the majority being 18–24 years.

4.1. Efficacy against incident infection and disease

A compilation of all vaccine efficacy reports for WHO defined end-
points of infection and cervical disease for the three vaccines are pre-
sented in Table 2 [34,36–51]. The efficacies are reported for the most
HPV naïve populations and are reported with 95% confidence intervals.
Using prevention against HPV 16/18 infection as endpoints is pertinent
to the 70% of cervical cancers which are caused by HPV 16/18; both
Gardasil and Cervarix provide excellent prevention against persistent
HPV 16/18 infections. Gardasil and Cervarix protection against HPV
16/18 infections lasts at least 5 years and 10 years, respectively. HPV
16/18 infections were not a study endpoint for Gardasil9, though, infer-
ring efficacy only from non-inferior antibody titers.

The disease endpoint of cervical intraepithelial neoplasia grade 2 or
worse (CIN 2, CIN 3, adenocarcinoma in situ (AIS), adenocarcinoma and
carcinoma, “CIN 2+”) caused by anyHPV type is prevented equallywell



Table 2
Summary table of vaccine efficacies against cervical HPV infection and disease endpoints [34–50].

Gardasil Gardasil9 Cervarix

Among women 15/16–26 years
4–6 months HPV 16/18 infection 96% (83, 100) na 94% (92, 96)
6 month HPV 31/33/45/52/58 infection 18% (5, 29) 96% (94, 98) na
6 month HPV 31 infection 46% (15, 66) 96% (91, 98) 77% (69, 83)
6 month HPV 33 infection NS 99% (95, 100) 45% (25, 60)
6 month HPV 45 infection NS 97% (92, 99) 74% (58, 84)
6 month HPV 51 infection na na 17% (4, 28)
6 month HPV 52 infection NS 97% (95, 99) na
6 month HPV 58 infection NS 95% (91, 97) na
CIN 2+ related to HPV 16/18 98% (94, 100) na 98% (88, 100)
CIN 2+ related to HPV 31 70% (32, 88) 100% (40, 100) 88% (68, 96)
CIN 2+ related to HPV 33 NS 100% (33, 100) 68% (40, 84)
CIN 2+ related to HPV 39 NS na 75% (22, 94)
CIN 2+ related to HPV 45 NS NS 82% (17, 98)
CIN 2+ related to HPV 51 NS na 54% (22, 74)
CIN 2+ related to HPV 52 NS 100% (67, 100) na
CIN 2+ related to HPV 58 NS NS na
CIN 2+ caused by any HPV type 22% (3, 38) 63% (35, 79) 62% (47, 73)
CIN 3+ caused by any HPV type 43% (24, 57) na 93% (79, 99)
AIS caused by any HPV type na na 100% (31, 100)

Among women older than 25 years
6 month infection or disease related to HPV 16/18 85% (68, 94) na 91% (79, 97)
6 month HPV 31 infection na na 66% (25, 86)
6 month HPV 45 infection na na 71% (34, 88)

Vaccine efficacies are presented with 95% confidence intervals.
NS means not significant; na means not applicable/available.
Bold signifies the clinically important outcomes.
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by both Gardasil9 and Cervarix. Gardasil, on the other hand, has signif-
icantly less protection than Cervarix against CIN 2+ from any HPV type.
For theCIN3+endpoint causedby anyHPV type, Cervarix provides 93%
protection significantly higher than Gardasil; Gardasil9 has no reported
data for this endpoint.

Among women already HPV DNA vaccine type specific positive at
the time of vaccination, none of the vaccines induce clearance of the in-
fection or disease [9,45]; these are strictly prophylactic vaccines.

Amongwomen already seropositive for a vaccine relevant HPV type,
but HPV DNA negative, at the time of vaccination, both vaccines induce
antibody titers and inferred future protection. Gardasil induces an an-
amnestic response that is higher than peak anti-HPV16 titers induced
in an HPV naïve female which remain higher for at least 36 months
[52,53]; on the other hand, those seropositive, but DNA negative for
HPV18 induced an equivalent antibody response as those whowere se-
ronegative [52]. Cervarix induces very high anti-HPV16/18 antibodies
that are equivalent for both seropositive and seronegative women at
peak and throughout the plateau phase [53]. These results indicate
that prophylactic vaccination for future same type infections is possible
among women already HPV exposed [9,45].

HPV Faster is a protocol in place in Central and Eastern Europe
that proposes to vaccinate women older than 30 years at the same
time as undergoing a primary HPV screen with triage and treatment
if necessary [54] as a program to accelerate reductions in cervical
Table 3
Prevention of screening abnormalities, diagnostic procedures and treatments due to HPV vacci

Abnormal cytology screens
Atypical Squamous Cells of Undetermined Significance (ASCUS)
ASCUS with high risk HPV positive triage
Atypical Squamous Cells - cannot rule out High Grade disease (ASC-H)
Low Grade Intraepithelial Lesion (LSIL)
High Grade Intraepithelial Lesion (HSIL)
All abnormal cytology irrespective of HPV type (ASCUS high risk HPV positive+)
Reduction in Colposcopies

HPV 31/33/45/52/58 related
Reduction in cervical excisional therapies

na means not available/applicable.
cancer incidence among those who may already have been HPV ex-
posed [54].

4.2. Prevention against abnormal screening and its sequelae

Table 3 presents the available data calculated from the HPV vac-
cine trials showing a reduction in the proportion of women with ab-
normal screening tests, by level of abnormal screen [41,42,46]. The
subsequent need for diagnostic colposcopies decreases proportion-
ately to the screening results (e.g. the absolute number of ASCUS
HR HPV positive screens is greater than the absolute number of
HSIL screens, so the reduction in absolute number of diagnostic
colposcopies for ASCUS HR HPV positive screens is higher than the
absolute number of diagnostic colposcopies for HSIL screens). The
reduction in excisional therapies, though, is significantly greater
both in proportion and in importance. The cost reductions in diag-
nostic and therapeutic procedures enabled by HPV vaccination con-
tribute to their societal value.

4.3. Efficacy against non-cervical endpoints

Non-cervical disease endpoints were planned for regulatory evi-
dence only for Gardasil and Gardasil9. The WHO vaginal/vulvar end-
points are VaIN 2/3 and VIN 2/3 disease for which Gardasil has
nations [40,41,45].

Gardasil Gardasil9 Cervarix

22% (9, 36) na 20% (11, 28)
na 29% (19, 38)
na 53% (13, 76)

17% (9, 24) na 25% (16, 32)
45% (4, 69) na 59% (26, 78)
17% (10, 24) 44% (29, 56) 27% (21, 33)
20% (12, 27) na 29% (22, 36)

na 92% (72, 99) na
42% (28, 54) na 70% (58, 79)



Fig. 3. Proportion of the global female population receiving HPV vaccine by age and income level [58]. Income classification follows World Bank classification of the world's economies
based on estimates of gross national income (GNI) per head for the previous year.14 as of July 1, 2014, low-income economies are defined as those with a GNI per head, calculated
with the World Bank Atlas method, of US$1045 or less in 2013; middle-income economies are those with a GNI per head of more than $1045 but less than $12,746; high-income
economies are those with a GNI per head of $12,746 or more. Lower-middle-income and upper-middle-income economies are separated at a GNI per head of $4125. Low-income and
middle-income economies are sometimes erred to as developing economies. Proportion of cervical cancer cases calculated from GLOBOCAN 2012, produced by the International
Agency for Research on Cancer.12 HPV= human papillomavirus. *Birth cohorts of women are shown in parentheses.
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efficacies in the per protocol population of 100% (95% CI: 50, 100) and
100% (56, 100), respectively, for those related to HPV 16/18 [39].
Gardasil9 does not have any reported efficacies for this endpoint or a
VaIN/VIN 2/3 related to HPV 31, 33, 45, 52, 58 endpoint [40]. The intent
to treat population analysis shows infinitely broad 95% confidence in-
tervals around the 100% efficacy for HPV 16 VIN 1 (no worse grade out-
comewas reported) and 95% confidence intervals of 37 to 97 around the
86% efficacy for HPV 16 related VaIN 1; there was no efficacy for HPV 18
related VIN/VaIN 1 [38]. Gardasil and Gardasil9 did not have anal end-
points for women; and did not include oral HPV 16/18 infection
endpoints.

While Cervarix studies did not have regulatory trial data for extra-
cervical sites, the NCI Costa Rica Vaccine Trial group investigated pre-
vention of oral, vulvar and anal persistent HPV 16/18 infection four
years after vaccination in an intent to treat population [55–57]. The
HPV vaccine efficacy against vulvar HPV 16/18 infection was 54% (95%
CI: 5, 79) [56], and efficacy against oral HPV 16/18 infection was 93%
(95% CI: 63, 100) [55] four years after vaccination. In the full analysis ap-
proximating the intent to treat population, the efficacy against anal HPV
16/18 infection was 62% (95% CI: 47, 73) four years after vaccination;
and efficacy against anal non-vaccine related HPV 31/33/45 infections
was 49% (95% CI: 30, 64) [57]. HPV 16/18 infections often occurred at
both the cervix and anal sites, with vaccine efficacy against HPV 16/18
infection regardless of cervix, anal or oral site at four years of 71%
(95% CI: 63, 78) [58] in the full cohort. These analyses show that
Cervarix is protective against HPV 16/18 infection regardless of the an-
atomic site of infection.
5. Global reaction to HPV vaccination over the past decade

From June 2006 when the regulatory approval of the first HPV vac-
cine occurred, through October 2014, 68 countries and 12 territories
adopted a HPV vaccine implementation program [59]. Gardasil9 was
not approved until December 2014, hence is not included as a vaccine
possibility in this historical review. The WHO two dose schedule was
not recommended until late 2014, and is also not reflected in this histor-
ic review.

Nine high income countries have continued follow-up of the female
three dose HPV vaccine series: USA, Australia, England, Scotland, New
Zealand, Sweden, Denmark, Canada, and Germany. Seven years of fol-
low-up, 2007–2014, shows a population–level impact after female vac-
cination when population vaccine coverage rates exceed 50% [60]. The
incidence of HPV 16/18 infections decreased by 64% after HPV vaccina-
tion program initiation in girls younger than 20 years. The decrease in
HPV 16/18 incidencewas proportional to the population three dose vac-
cine coverage rate: the higher the coverage rate, the higher the decrease
in HPV16/18 incidence. In addition, the incidence of HPV 31, 33 and 45
decreased by 28% in the same cohort of girls indicating population evi-
dence of cross protection that was seen in the Cervarix trials. In
women 20–24 years old, the incidence of HPV 16/18 decreased by 31%
over the same time frame, andwas also proportional to the vaccine cov-
erage rate achieved by the catch up vaccination programs in each of the
countries (e.g. the greater the proportion of 20–24 year olds who re-
ceived three HPV doses, the greater the decrease in HPV 16/18). There
was a small increase in the non-vaccine high-risk HPV types (RR =
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1.09, 95% CI: 0.98–1.22) among the population with the lowest uptake
of HPV vaccine among the 20–24 year olds, but no increase among pop-
ulations with high coverage. Only one study documented a 21% de-
crease in CIN 2+ lesions seven years after girls 15–19 years old
received three doses of HPV vaccine [61].

While these targeted successes in high income countries are locally
hopeful for cervical cancer incidence reduction, a global perspective is
not as positive. During this seven year timeframe, 118 million women
ages 9–45 yearswere targeted for HPVvaccination through “primary tar-
gets” aged 9–15 years and as “catch up targets” (either opportunistically
or organized programs) from 15 to 45 years. These 118 million women
represent a very small percentage of the at risk population for cervical
cancer: 3.5% of all females globally, 8.7% of those 15–26 years old and
12% of those 10–14 years old. Of the targeted population, 47 million re-
ceived the full three dose vaccination series: this represents only 1.4% of
the global female population and 6.1% of all 10–20 year old females. An
additional 12million received fewer than three doses of vaccine bringing
the global vaccinated female population to 1.7%; of the 118 million
targeted population, the proportion receiving at least dose reached 50%.

Dividing the world into four economic strata and overlaying each
stratum's population by birth cohort provides the basis of understand-
ing how little HPV vaccination efforts to date havemade towards reduc-
ing cervical cancer incidence. Fig. 3 displays the proportion of cervical
cancer burden worldwide in each of four economic strata; it shows
the small targeted population for HPV vaccine campaigns against the
current population; and showswhere HPV vaccination has been accom-
plished. The highest global cervical cancer burden occurs in the lower
middle income stratum at 40%, where there is no evidence of targeted
HPV vaccination. The upper middle income stratum holds 30% of the
global cervical cancer burden with 7.2% of its 10–20 year old female
population fully three-dose vaccinated. While the high income strata
have 34% of the targeted population fully vaccinated, only 14% of cervi-
cal cancers worldwide occur in these women who have a screening
option.

Global reductions in cervical cancer incidence are imputed from this
review over a 65 year time frame. The comparatively small 118 million
targeted population for vaccination is the basis for the imputations; all
calculations for cervical cancers averted assumed life time protection
after three doses of vaccine and no access to screening programs. This
work indicates that 444, 627 cervical cancers will have been averted
by vaccination, 15% were assumed to have had only one vaccine dose.
While this is positive, 675,571 cervical cancers will still occur globally.

Sensitivity analyses of the imputed data show that even as the high
income countries drive their vaccination rates to 100% coverage, the im-
pact on averted cancers is negligible because of the relatively small con-
tribution to the global incident rate of cervical cancers therein. The
emphasis on cervical cancer prevention must be in the upper and
lower middle income strata with both vaccination and screening pro-
grams adapted to once in a lifetime.

6. HPV vaccination changes subsequent screening patterns

Pertinent to the reduction in cervical cancer incidence is quality of
the screening programs available in the high income and upper middle
income countries. Without continued participation in these screening
programs, the incidence of cervical cancer will increase [62]. Early stud-
ies report on the effect of HPV vaccination campaigns on continued up-
take in the cervical cancer screening programs.

In theUS, a study of high risk, low incomewomen showed that those
who received, at any age, one dose of HPV vaccine were most likely to
participate in screening at 21 years or older, significantly more than
those receiving two, three or no doses [63]. Most often the women par-
ticipated in an initial screeningwithin 15 days of their vaccination. Long
term, though, continued screening compliance occurred significantly
more often among those receiving three doses of vaccine; these highly
compliant women were significantly more likely to participate in
every 3 year screening over 7 years than those receiving fewer than
three or no doses [63]. Nevertheless, participation in screening was de-
pendent on the age atwhichwomen received vaccination.Womenwho
were fully three dose vaccinated at or older than 21 years had a signifi-
cantly higher initial screening rate than women fully three dose vacci-
nated younger than 21 years: 84% vs 24% [64]. This low rate of
initiating cervical cancer screening among the targeted age for vaccina-
tion should cause alarms for cancer control officers.

Insurance status is a significant predictor for participation in US cer-
vical cancer screening programs. The result, opposite to that seen in the
high risk population, was seen among privately insured women; those
who were vaccinated at or older than 19 years and received three HPV
vaccine doses were significantly more likely to present for an initial
screening within the next 3 years [65]; unfortunately, the study did
not follow for continuity screening. This study exhibits the behavior
where the ‘worried well’ continue to consume more health resources
despite being at the lowest risk of disease: those receiving three doses
of vaccine were also those most likely to be screened.

In Australia, the reverse happened. Women were vaccinated in the
nationally funded targeted age and catch up HPV vaccination programs
and aged into the Australian screening program. Their participation in
cervical cancer screening was significantly lower among vaccinated
women in both the 20–24 and 25–29 year old age groups compared
to same aged unvaccinated women [66]. In addition, among women
30–34 years old who electively received HPV vaccination, only 28% par-
ticipated in screening, whereas 61% of unvaccinated 30–34 year olds
participated in screening [66].

In the United Kingdom, the Scottish Cervical Call and Recall system
showed a general downward trend for screening participation by
womenborn between1988 and 1993 [67]. Participating inHPV vaccina-
tion abated the downward trend to some degree, as women who re-
ceived three doses were more likely to screen than those with fewer
than three or no doses of vaccine; but the downward trend still existed
among those vaccinated as well. Fully vaccinatedwith three doses com-
pared to unvaccinated was a stronger predictor than economic status
for screening participation. Among the highest economic class of
women, the unvaccinated had the lowest screening rate of 40% com-
pared to 54% among those receiving three doses (with a little over
47% participating in screening after one or two doses). The screening
rates among the most deprived Scottish women were 44% if they
were not vaccinated or had one dose, 48% if two doses were received
and 53% if three doses were received. Overall, the uptake of screening
after the HPV vaccine introduction regardless of vaccine uptake has
been lower than necessary to reduce population incidence of cervical
cancer. This should be concerning to public health.

In Wales, participation in screening after the catch up program of
HPV vaccination was followed from national databases. Women who
were not vaccinated compared to fully vaccinated were significantly
less likely to attend screening (39% vs. 55%), as were women who
were most economically deprived vs least deprived (41% vs. 50%) [68].
While vaccination appears to be associated with higher screening
rates than unvaccinated women, the rate of screening is still very low
reaching only around half of the women.

Women in the Swedish population based health register were
followed for participation in both screening and opportunistic HPV vac-
cination offered to those 19 years and older. The cervical cancer screen-
ing rates were similar to those seen in the US, at 86%, in fully vaccinated
women, which is significantly higher than in unvaccinated women
(75%) [69]. Likewise similar to the USpopulation [63], the fully vaccinat-
ed women returned for the second round of screening significantly
more often than the unvaccinated women.

7. Conclusions

ProphylacticHPVvaccines are commercially available andpart ofmany
high income nations' immunization budgets. While Cervarix remains the
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most cost effective vaccinewith proven efficacy in one dose, theWHO rec-
ommends two doses for either Gardasil9 or Cervarix for those up to
15 years of age, and three doses for women 15 years or older. The WHO
recommendations are based on induced antibody titers at month 7 for
Gardasil andGardasil9 as there are currently no efficacy data for these vac-
cines in fewer than three doses. The WHO recommendations for Cervarix
are based on efficacy data in addition to immunogenicity data.

Three dose efficacy preventing CIN2orworse by anyHPV type is about
62% for bothCervarix andGardsail9; the threedose efficacypreventingCIN
3 or worse by any HPV type is 93% for Cervarix and 43% for Gardasil, with
no data for Gardasil9. All three vaccines lead to reduced numbers of
colposcopies and excisional cervical therapies. Head to head trials indicate
that Cervarix has superior immunogenicity compared to Gardasil for T-cell
and B-cell functions for both HPV 16 and 18; there are no data for
Gardasil9's comparable immunogenicity. The immunogenicity data for
HPV18/45 induced byGardasil andGardasil9 indicates that long term sur-
veillance for HPV 18/45 disease breakthrough must be in place.

Revaccinating females already HPV vaccinated is expensive and
causes harmwith no evidence of any improved prevention ofHPV infec-
tions. Gardasil and Cervarix approach 90% effectiveness in preventing
HPV 16/18 infection or disease in women older than 25 years; Cervarix
has nearly 70% efficacy against HPV 31 and 45 infections as well in this
older population. Vaccinating these women in conjunction with a
screening program offers opportunity to reduce cervical cancer inci-
dence in countries with limited resources and high burden of disease.

The uptake of HPV vaccinations across the world has been less than
2% of females 9–45 years of age, and non-existent in those countries
where the incidence rate of cervical cancer is the highest. Vaccination
does not replace screening. Prevention of cervical cancer must still
rely on participation in ongoing screening programs. As we move into
the next decade, the surveillance of the results of vaccine and screening
programs will remain necessary.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygyno.2017.04.004.
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