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Abstract
Prophylactic human papillomavirus (HPV) vaccines have revolutionarily modified our understanding of and efforts in preventing
communicable diseases. Undeniably, all three prophylactic HPV vaccines currently available have excellent safety and have substantially contributed to the control of HPV infections and HPV-related diseases during the past decade in the setting where high
vaccine coverage has been achieved. This review summarizes and discusses the most influential peer-reviewed literature on HPV
vaccines published between September 2018 and September 2019. The review focuses on the current status of HPV vaccination
implementation, results from recent clinical trials, updates to recommendations and guidelines, long-term immunogenicity, and
evaluations of various dosing schemes and HPV vaccination of alternative populations. In addition, we briefly summarize studies
on the real-life effectiveness of prophylactic HPV vaccines from countries with successful HPV vaccination programs, present an
update on safety data, and discuss progress and the development of novel prophylactic HPV vaccines, as well as potential future
applications and challenges.
Keywords: human papillomavirus, prophylactic HPV vaccines, literature review
Received: 24 September 2019 | Returned for modification: 9 November 2019 | Accepted: 13 November 2019

Introduction

Methods

Currently licensed and available prophylactic human papillomavirus (HPV) vaccines include a bivalent (2vHPV) vaccine against
HPV16/18 (Cervarix; GlaxoSmithKline Biologicals, Belgium), a
quadrivalent (4vHPV) vaccine against HPV6/11/16/18 (Gardasil;
Merck & Co., USA / Silgard; Sanofi Pasteur MSD, France), and a nonavalent (9vHPV) vaccine against HPV6/11/16/18/31/33/45/52/58
(Gardasil9; Merck & Co., USA). All three HPV vaccines have been
shown to be highly effective and extremely safe, not only in rigorous evaluations within clinical trials but also in real-world settings and post-licensure monitoring (1, 2).
As described in detail previously (1), before the start of the annual national HPV vaccination campaign in Slovenia, the Section
for School, University, and Adolescent Health of the Slovenian
Medical Society has been holding a yearly professional 1-day “refresher course” dedicated to promotion of and education on HPV
vaccination. This year, we celebrated the 10th anniversary since
the introduction of free-of-charge HPV vaccination into the Slovenian immunization program, which prompted the coordinators to
hold a special meeting entitled “10 years of HPV vaccination” held
on September 3rd, 2019 in Ljubljana, Slovenia, with a focus on the
successes of prophylactic HPV vaccines. The majority of the publications presented in this literature review were discussed at this
meeting. The purpose of the review was to update and improve
the knowledge of healthcare workers responsible for HPV vaccination, including school medicine specialists, pediatricians, gynecologists, epidemiologists, and others. This review summarizes
the most important peer-reviewed literature published between
September 2018 and September 2019, which corresponds to the
2018/2019 school year in Slovenia.

For the professional meeting and this literature review, we
searched PubMed for the terms “human papillomavirus vaccine”
and “HPV vaccine” with a custom date range filter of September
1st, 2018 to September 1st, 2019. The main focus of our manual
screening of the 1,011 matches retrieved were publications on the
HPV vaccine potential and uptake, changes to the existing recommendations and guidelines, efficacy and immunogenicity clinical
trials, studies evaluating various dosing schemes and vaccination
of alternative populations, studies contributing to the mounting
evidence of the real-life effectiveness of prophylactic HPV vaccines even from countries with modest HPV vaccination coverage
rates, updates on HPV vaccine safety data, and progress in the
development of novel prophylactic HPV vaccines.

HPV vaccination status at the global level
Since 2006, prophylactic HPV vaccines have been increasingly
introduced worldwide. As of early 2019, a total of 115 countries
or territories have implemented HPV vaccination into their national programs, including 24 countries or territories that provide
gender-neutral HPV vaccination. By the end of 2021, 39 countries
or territories are additionally projected to have a national HPV
vaccination program, provided that the global vaccine supply is
sufficient (3).

Recommendations, guidelines, and scientific advice: an
update
On October 5th, 2018 the US Food and Drug Administration (FDA)
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announced extension of the indications of the 9vHPV vaccine to
include men and women age 27 through 45. The approval was
largely based on the results of a study of 3,200 women age 27 to
45 in whom the 9vHPV vaccine proved to be 88% effective in preventing persistent HPV infections, genital warts, preneoplastic
lesions of the vulva, vagina, and cervix, and cervical cancer (4).
After reviewing evidence on HPV vaccination in adults, the US
Advisory Committee on Immunization Practices (ACIP) updated
the recommendations for catch-up vaccination and vaccination of
adults in June 2019. Whereas routine recommendations for adolescents have not changed since the last published recommendations in 2016, ACIP now recommends catch-up HPV vaccination
for all individuals through age 26. For adults 27 to 45 years old,
catch-up HPV vaccination is not routinely recommended; ACIP
recommends shared clinical decision-making regarding HPV vaccination for those that were not adequately vaccinated (5). In their
position paper, the European Society of Gynaecological Oncology
and the European Federation for Colposcopy also strongly support gender-neutral vaccination programs for children and young
adolescents, together with a catch-up program for young adults
and, whenever feasible, HPV vaccination on an individual basis
(6).
In April 2019, the European Centre for Disease Prevention and
Control (ECDC) opened a public consultation on the new guidance
for the introduction of HPV vaccines in EU countries, focusing especially on the 9vHPV vaccine, addition of boys to the girls-only
HPV vaccination programs, and HPV vaccination of people living
with HIV (PLWH). Since all EU/EEA member states successfully
implemented HPV vaccination into their national vaccination
programs and several countries also expended their recommendations to include boys, questions regarding the effectiveness and
especially cost-effectiveness of this approach have been raised.
The key conclusions of the draft were: i) the 4vHPV and 9vHPV
vaccines are highly efficacious and immunogenic in both women
and men, ii) currently there is no direct evidence of clinical efficacy of HPV vaccines in PLWH, although new evidence is emerging from ongoing studies, and iii) the results of cost-effectiveness
analysis depend on the endpoint investigated; if the priority is to
prevent cervical disease in women, adding boys to current national girls-only HPV immunization programs becomes increasingly
more cost-effective if vaccination coverage rates among females
are persistently low and if the costs of HPV vaccine are reduced.
Nevertheless, increasing vaccination coverage rates among girls
might still be more cost-effective; however, if the HPV vaccination program is primarily used to prevent all HPV-related disease,
gender-neutral HPV vaccination could be the most cost-effective
strategy (7).

even HPV types that are not covered by the HPV vaccine (HPV31
and HPV33/58) among vaccinated women regardless of the age
group compared to those that did not receive the HPV vaccine.
Moreover, compared to unvaccinated women, vaccinated women
were less likely to have a cytology result of low-grade squamous
intraepithelial lesions (LSIL) or worse and CIN2+, suggesting that
“catch-up” vaccination provides benefits for adolescents and
young adults (8).
In order to assess the efficacy of the 9vHPV vaccine against cervical disease and cervical surgeries related to the vaccine types,
three international, randomized, double-blind trials were conducted using a historic placebo population for comparison. These
studies found a 98.2% (95% confidence interval [CI], 93.6–99.7)
and 97.8% (95% CI, 93.4–99.4) reduction in the incidence of highgrade cervical disease and cervical surgery, respectively, related
to the HPV types included in the 9vHPV vaccine. Although the
9vHPV vaccine did not prevent disease related to the vaccine HPV
types that had been detected prior to vaccination, it considerably
reduced the incidence of cervical, vaginal, and vulvar disease associated with other vaccine HPV types, suggesting that early vaccination in HPV-naive individuals is most effective, whereas sexually active individuals may still benefit from catch-up vaccination
programs (9).
SPERANZA (SPERimentazione Anti HPV Zona Apuana) is a
clinical trial designed to assess the clinical effectiveness of HPV
vaccination following surgical treatment of CIN2+ lesions and
microinvasive cervical cancer. In women that had undergone
conization, the 4vHPV vaccine exhibited 80% clinical effectiveness in disease relapse prevention, with clinical benefits demonstrated up to 4 years post vaccination. Although the 4vHPV vaccine lacked a therapeutic effect on prevalent HPV infection and
disease, it may be used as an adjuvant to surgical treatment of
cervical disease (10).
Because more than a third of patients with high-grade squamous intraepithelial lesions (HSIL) will experience disease recurrence after initial treatment, a randomized, double-blind, placebo-controlled, proof-of concept clinical trial has been recently
initiated to determine whether the 9vHPV vaccine can reduce the
risk of anal and vulvar HSIL recurrence by 50% in previously unvaccinated individuals that recently received treatment for anal or
vulvar HSIL. The trial is set to include 345 eligible participants 27
to 69 years old with a history of anal or vulvar HSIL that have not
yet received the HPV vaccine. The study is predicted to close in
2022 and, if successful, prophylactic vaccines may become part of
the standard treatment of anal and vulvar HSIL (11).

Clinical trials

It has been firmly established in various clinical trials that prophylactic HPV vaccines induce a robust protective immune response; however, real-life data on the long-term stability of vaccine-induced antibodies and the duration of immunity conferred
by HPV vaccines are less abundant.
A comparison of long-term antibody responses induced by the
2vHPV and 4vHPV vaccines was evaluated in a cohort of Finnish
females that participated in the phase III HPV vaccination trials FUTURE II in 2002 and PATRICIA in 2004, with subsequent
serum sample linkage to the Finnish Maternity cohort biobank
(12). The study found that, for the majority of vaccinated women,
anti-HPV16 and anti-HPV18 antibody levels were higher than the
natural infection-related antibody levels and remained stable for

The prevalence of HPV, cytological abnormalities, and cervical
intraepithelial neoplasia grade 2 or worse (CIN2+) were assessed
using the results of the baseline phase of the BD Onclarity HPV
Trial, which included 14,153 US women 21 to 34 years old undergoing routine cervical cancer screening in order to evaluate the
impact of largely opportunistic HPV vaccination in the United
States. Interestingly, despite lower HPV vaccine coverage rates
and vaccination in patients older than the recommended routine
age at first dose, there was a statistically significant decrease in
the prevalence of overall HPV infections, HPV vaccine targeted
types (HPV16 from 31 to 83%, and HPV18 from 73 to 89%), and
160

Long-term immunogenicity of HPV vaccines

Acta Dermatovenerol APA | 2019;28:159-167
up to 12 years post vaccination, confirming long-term protection.
Interestingly, whereas the antibody levels induced by the 2vHPV
vaccine were high and stable in nearly 100% of women even after
12 years, anti-HPV18 antibody levels declined below the natural
infection antibody level in 18% of women that had received the
4vHPV vaccine, suggesting potential differences in immune responses to the two HPV vaccines (12).
To provide data on the duration of immunity induced by different HPV vaccination schedules and the role of a booster dose,
a follow-up nonrandomized clinical trial was performed on Mexican girls and women vaccinated with either the 2vHPV or 4vHPV
vaccine (13). The geometric mean titers (GMTs) for HPV16 and
HPV18 at 5 years post vaccination were shown to be above levels
induced by natural infection, confirming non-inferiority of a twodose schedule. In addition, due to the establishment of robust
immune memory, a long-lasting humoral response is induced,
suggesting that boosters are unnecessary and unlikely to be profitable (13).
There is evidence that the 2vHPV vaccine induces cross-reactive immunogenicity against HPV31 and HPV45; however, little
is known on the durability of this phenomenon. Based on recent
data from a subset of subjects previously enrolled in phase I/II
and phase IIIb clinical trials of the 2vHPV vaccine, it appears that
cross-reactivity is long-lasting with comparable GMTs in girls 9
to 14 years old that had received two doses and women 15 to 25
years old that had received three doses for up to 5 years after the
first vaccination. Moreover, specific CD4+ T-cell responses against
HPV31 and HPV45 were similar across groups at month 36, with
the observed presence of specific memory B cells additionally
confirming establishment of cross-protection (14).
More data are becoming available regarding the efficacy of HPV
vaccines in HPV-related oropharyngeal cancers. A study evaluating antibody responses in serum samples and oral gargles collected from 150 US men 27 to 45 years old that had received three
doses of the 4vHPV vaccine has shown that all participants developed detectable anti-HPV16 and anti-HPV18 antibodies in serum at month 7 with somewhat lower but still high positivity rates
in oral gargle samples (93.2% for HPV16 and 72.1% for HPV18).
However, the proportion of men with detectable oral antibodies
decreased significantly at 18 and 30 months after vaccination
(39.8% and 29.6% for anti-HPV16 antibodies, and 10.7% and 4.6%
for anti-HPV18 antibodies, respectively). Nevertheless, when detectable, oral gargle anti-HPV antibody levels remained strongly
correlated with anti-HPV serum antibody levels (15).

Dosing schemes
In 2014, the World Health Organization (WHO) changed the original three-dose HPV vaccine schedule, recommending a two-dose
schedule for those starting HPV vaccination at age 14 or younger
and a three-dose schedule for individuals that start vaccination
at age 15 or older and those that are immunocompromised; this
was mostly based on observational studies and immunogenicity trials (16). It was already previously shown that the number
of vaccine doses received and the timing between them is crucial
for 4vHPV vaccine effectiveness against anogenital warts (17, 18),
whereas data on effectiveness against CIN2+ with respect to the
age at 4vHPV vaccination and number of doses were lacking. A
recent nationwide population-based study on vaccinated and
unvaccinated Danish and Swedish women found a reduced risk
for CIN2+ for those that had been vaccinated with three doses of
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4vHPV vaccine before age 20, whereas women that had had their
second dose at least 5 months after the first dose did not have an
increased risk of CIN2+ after two doses compared to those receiving three doses (19).
The updated evidence from an Indian follow-up cohort study
on the efficacy of less than three doses of the vaccine clearly
shows that the protection conferred by a two-dose regimen of
4vHPV vaccine against incident and persistent HPV infection in
girls 15 to 18 years old is comparable to that of the three-dose regimen in girls 15 to 18 years old, providing immune-bridging data to
allow extension of the target age for HPV vaccination of girls up to
18 years with two doses (20).
Although all three prophylactic HPV vaccines have been in use
for several years now, little is known about the use of different
HPV vaccines within the same individual. Hence, a randomized
clinical trial was conducted to evaluate immune response when
administrating two different HPV vaccines in varying order. Post
first dose of 9vHPV and 2vHPV vaccines, 99.4 to 100% and 100%
of vaccinated girls and boys were seropositive to the vaccinated
HPV types, respectively, whereas all individuals were seropositive
to the HPV types included in the 9vHPV vaccine, regardless of the
schedule used. These data show that flexible vaccination schedules can be safely used in the case of a vaccine shortage or change
in national immunization program recommendations (21).
Current US guidelines recommend HPV vaccination for girls
11 to 12 years old with a catch-up vaccination for girls/women
13 to 26 years old; however, little is known about the population
effectiveness of the existing catch-up vaccination recommendations. Hence, a nested case-control study on 4,357 CIN2+ cases
and 21,773 matched controls was conducted, which confirmed
that catch-up vaccination confers significant protection against
incident CIN2+ and CIN3+ in women receiving at least three doses
of the vaccine if they are 14 to 20 years old at the time of the first
dose. Conversely, this was not true for women ≥ 21 years old at
the first dose. Whereas these findings support current catch-up
vaccination guidelines for those that start the series up to age 20,
additional research is needed to evaluate the effectiveness of such
an approach in women 21 to 26 years old, especially in the light of
recent calls to extend HPV vaccination to older women (22).
Results from the Costa Rica Vaccine Trial (23) and trials performed in India (24) implied that even a single dose of the 2vHPV
or 4vHPV vaccine can induce sufficient long-lasting immunogenicity and effectiveness against incident HPV infection. Recent
large-scale real-world data from Australia have confirmed this hypothesis: compared to unvaccinated women, the adjusted hazard
ratios were significantly lower for vaccinated women, regardless
of the number of doses received (0.65, 95% CI 0.52–0.81; 0.61, 95%
CI 0.52–0.72, and 0.59, 95% CI 0.54–0.65 for one, two, and three
doses, respectively) (25). Similar results were also obtained in
Denmark, where a one-dose HPV vaccination at age ≤ 16 seemed
to ensure similar protection as three doses (26). Because mounting evidence suggests the comparable effectiveness of a single
dose to a two/three-dose HPV vaccination schedule in preventing high-grade cervical disease, one-dose HPV vaccination may
be a viable strategy in the global elimination of cervical cancer,
which would greatly reduce costs and requirements for national
HPV vaccination programs (25). The hypothetical future reduction
in the number of required HPV vaccine doses to a single dose was
shown to be widely supported by immunization program stakeholders in low- and middle-income countries, provided that sufficient evidence on the immunological and clinical efficacy of such
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a strategy is obtained and a formal recommendation by the WHO
is announced (27).

HPV vaccination in immunocompromised individuals
More data are becoming available on the long-term immunogenicity and safety of HPV vaccines in immunosuppressed populations, who bear the highest burden of HPV-related diseases.
In a prospective observational cohort study of 4vHPV-vaccinated
youth from the multicenter Pediatric HIV/AIDS Cohort Study
Adolescent Master Protocol, HPV antibody titers were compared
between perinatally HIV-infected (PHIV) and perinatally HIVexposed but uninfected (PHEU) youth. Interestingly, in PHIV, antibody titers were shown to be lower for all serotypes compared
to PHEU. Higher GMTs were associated with lower HIV RNA viral
load and higher CD4 cell count, suggesting that HPV vaccines
may be less effective in PHIV children if given at a time of immunosuppression, asserting the need for HPV revaccination when
immunocompetence is restored (28). Similar data were acquired
from a cohort of perinatally HIV-1 infected sexually naive Kenyan
boys and girls 9 to 14 years old. The study found that 7 months
after receiving three doses of the 4vHPV vaccine, seroconversion
to HPV6, HPV11, HPV16, and HPV18 occurred in 99.6%, 97.2%,
98.3%, and 93.3% of the children, respectively. The vaccine was
highly immunogenic with very few adverse events (AE) reported.
Although HIV-1 infected children mounted a robust immune response that was comparable to other vaccinated populations
regardless of their immune status, children with higher CD4 cell
counts produced higher antibody titers than those with lower CD4
cell counts (29). The immunogenicity of the 4vHPV vaccine was
also evaluated in a population of immunocompromised Australian children 5 to 18 years old with different underlying conditions.
Following administration of three doses of the 4vHPV vaccine,
86.5%, 89.2%, 89.2%, and 91.9% of children were seropositive
at 60 months for HPV6, HPV11, HPV16 and HPV18, respectively,
suggesting that a three-dose schedule using the 4vHPV vaccine
remains immunogenic in this population for at least 5 years post
vaccination (30).
It has been unclear whether HPV vaccines in HIV-infected
adults are capable of establishing long-term immunity. Ellsworth
et al. provide crucial data from a cohort of HIV-infected 4vHPVvaccinated adult males from the US, clearly showing that antibody titers peak 4 weeks after a third dose, followed by a gradual
decrease in antibody titer levels. However, a delayed administration of the fourth dose of the 4vHPV vaccine induces a rapid
increase in antibody titers, suggesting that standard three-dose
series are capable of inducing immune memory and conferring
long-term protection in HIV-infected men (31).

Extension of indications for HPV vaccination: what is costeffective?
In light of the recent extension of vaccine indications, a literature
review investigated the cost-effectiveness of vaccinating alternative populations. Whereas studies on men who have sex with men
(MSM) consistently reported cost-effectiveness, HPV vaccination
of heterosexual men would only be cost-effective if 9vHPV vaccine
prices were reduced. In contrast, targeted vaccination of women
over 26 is unlikely to be cost-effective (32). Authors have suggested
that following the establishment of solid girls-only vaccination
programs, targeted HPV vaccination of MSM should be the next
162
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priority in HPV prevention. However, these economic evaluations
have important limitations when it comes to African countries.
Given the disproportionate burden of HPV-related cancers in Africa and the time it could take to achieve herd immunity through
girls-only HPV vaccination programs, there has also been a call
for the introduction of gender-neutral HPV vaccination for national immunization programs in Africa (33).

Real-life efficacy of HPV vaccines
A decade has passed since the implementation of HPV vaccination, and post-licensing data from real-life settings are becoming
available for increasing number of countries and populations. To
date, more than 100 studies have evaluated the effectiveness and
impact of HPV vaccines on preventing HPV infection and related disease (3). The largest systematic review and meta-analysis,
which includes data from 60 million individuals and up to 8 years
of follow-up after vaccination, summarizes the evidence and demonstrates the remarkable population-level impact of HPV vaccination on HPV infections, anogenital warts, and development
of CIN2+ in women in real-world settings (34). The prevalence of
HPV16 and HPV18 was found to decrease by 83% in girls 13 to 19
years old (RR 0.17, 95% CI 0.11–0.25) 5 to 6 years after vaccination,
and by 66% (RR 0.34, 95% CI 0.23–0.49) in young women 20 to
24 years old. Substantial reductions in the incidence of anogenital warts were also observed: a 67% reduction (RR 0.33, 95% CI
0.24–0.46) in girls, a 54% reduction in young women (RR 0.46,
95% CI 0.36–0.60), a 48% reduction in boys (RR 0.2, 95% CI 0.37–
0.75), and a 32% reduction (RR 0.68, 95% CI 0.47–0.98) in young
men (34). Within less than a decade since HPV vaccination implementation, we are already noticing a 51% decrease in CIN2+ cases
(RR 0.49, 95% CI 0.42–0.58) in girls and a 31% decrease in young
women (RR 0.69, 95% CI 0.57–0.84). The results of this meta-analysis provide substantial evidence of the impact of HPV vaccination and provide data on the real-world benefits of HPV vaccines
in the prevention of cervical cancer with significant declines in
high-risk (hr) HPV infection and CIN2+ (34). Although most studies on the real-world effect of HPV vaccination published in recent
years have already been covered by the review by Drolet et al. (34),
we additionally present some of the most intriguing data from individual countries.
Decreasing incidence and prevalence of HPV types
Australia was among the first countries to adopt primary HPVbased cervical screening, which for the first time made possible
precise monitoring of HPV prevalence at a population level—an
approach to HPV monitoring that used to be beyond the reach and
budget of research studies (35). Data after the first 7 months of implementation showed 9.25% (95% CI: 9.09–9.42%) prevalence of
hrHPV among 116,052 primary screening samples, of which 2.14%
(95% CI: 2.05–2.22%) were HPV16- or HPV18-positive. A peak in
HPV prevalence was observed at 25 to 29 years of age, but this was
due to non-vaccine HPV types. Across all ages, the prevalence of
HPV16 or HPV18 remained low (35).
A decade since HPV vaccination introduction into their program, significant changes in cervical HPV prevalence have also
been observed in Sweden. Although the HPV prevalence in women visiting a youth clinic in Stockholm, Sweden, in 2017–2018 was
high (72.1% for all HPV types and 65.1% for hrHPV), the prevalence
of 27 hrHPV was lower in vaccinated women (60.1 vs. 86.73%, p
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= 0.006). Moreover, the prevalence of 4vHPV vaccine types was
also considerably lower in the vaccinated women compared to
unvaccinated women (5.8 vs. 26.7%, p = 0.002). Whereas 4vHPV
vaccination has significantly decreased the vaccine type prevalence, several non-vaccine hrHPV types—namely, HPV39, HPV51,
HPV56, and HPV59—remain relatively common (36). Similar data
are reported from the United States, where the 4vHPV vaccine
type prevalence decreased from 13.1% in 2007 to 2.9% in 2015–
2016 (prevalence ratio = 0.22; 95% CI 0.17–0.29), despite reaching
only approximately 50% coverage with two- to three-dose recommendations. A higher impact of HPV vaccination was observed
among younger cohorts with a 78% decrease in prevalence among
20- to 24-year-old women and a 38% decrease in 25- to 29-yearold women. Declines were also observed in unvaccinated women,
suggesting herd protection (37).
The observed declining trends of vaccine HPV types are not
limited to cervical samples. In a cross-sectional study from the UK,
various oral samples were tested for HPV DNA. The prevalence of
oropharyngeal HPV16 in 940 study participants was significantly
lower in vaccinated women compared to unvaccinated women
(0.5% vs 5.6%, p = 0.04). Interestingly, the HPV16 prevalence was
shown to be lower in unvaccinated men than in unvaccinated
women (0% vs 5.6%, p = 0.08), suggesting that herd immunity in
males of the same age can be established even in female-only HPV
vaccination programs (38).
The majority of data on HPV vaccine effectiveness in prevention of anal cancers are limited to males. In a study from the Netherlands that included 548 women 16 to 24 years old, the vaccine
effectiveness against anal HPV16 or HPV18 positivity was 89.9%
(95% CI, 63.0%–97.2), demonstrating high effectiveness of the
vaccine for up to 8 years, which is comparable to effectiveness
against genital infections (39).
Decreasing incidence and prevalence of anogenital warts
Because anogenital warts usually develop 2 to 3 months after infection, the impact of HPV vaccines on the incidence of anogenital
warts provides early evidence of vaccination efficacy. In a recent
systematic review from the United States, the authors assessed
the real-life impact of HPV vaccines on anogenital warts. Consistent declines in diagnoses of anogenital warts were observed in
females 25 and younger following vaccination implementation
in 2006 in the United States. In males, the same trend was observed—albeit to a lesser degree, most likely due to herd immunity—until 2011, when male vaccination began, with declines becoming even more evident. In contrast, no trends were observed
among people over 25 (40). These data differ somewhat from the
results obtained by Mann et al. (41), who analyzed data from sexually transmitted disease clinics in the United States. Declining
temporal trends in the prevalence of anogenital warts from 2010
to 2016 were observed not only in women under 40, but also in
men who have sex with women only and are younger than 40, and
MSM in all age categories (41). Interestingly, a similar declining
trend was also observed in older age groups, which is unlikely to
be a result of HPV vaccination. Similar data on declining trends
in the prevalence of anogenital warts among patients attending
sexual health clinics have been reported from England, where the
2vHPV vaccine was introduced in 2008, followed by the introduction of the 4vHPV vaccine in 2012. An 82.3% decline was observed
among females 15 to 17 years old and a 67.7% decline in men of the
same age between 2014 and 2017 (42).

Recent advances in HPV vaccination
Decreasing rates of precancerous lesions
Currently, the most proximal outcome to cervical cancer is precancerous lesions (CIN2+), which typically develop a few years after
primary HPV infection. More real-life data are becoming available
on the impact of HPV vaccination on the development of CIN2+,
confirming early findings of randomized controlled trials showing the efficacy of HPV vaccines for preventing cervical dysplasia
(43, 44).
One of the most dramatic reductions in preneoplastic cervical lesions was observed in Scotland, which has had consistently
high (above 85%) 2vHPV vaccine coverage rates among routinely
immunized cohorts during the last 10 years. This led to an 89%
reduction (95% CI, 81–94%; from 0.59% [95% CI, 0.48–0.71%] to
0.06% [95% CI, 0.04–0.11%]) in prevalent CIN3+ and an 88% reduction (95% CI, 83–92%; from 0.69% [95% CI, 0.58–0.63%] to
0.15% [95% CI, 0.10–0.21%]) in CIN2+ among vaccinated women
born in 1995 and 1996, compared to unvaccinated women born
in 1988. Moreover, there was evidence of clinically relevant herd
protection in unvaccinated women (45).
In New Zealand, the 4vHPV vaccine has been available since
2008. The proportion of newly diagnosed CIN2 attributable to
HPV16/18 infection was observed over time, using partial genotyping of samples from women 17 to 24 years old, with biopsydiagnosed CIN2 enrolled in a prospective CIN2 observational
management trial (PRINCess). From 2013 to 2016, the proportion
of women whose liquid-based cytology samples were HPV16- or
HPV18-positive decreased from 43% to 13%. Although vaccinated
women had low rates of HPV16- and HPV18-positive CIN2 lesions
in the time period observed, a substantial decrease from 66%
to 17% in HPV16/18 positivity was documented in unvaccinated
women, likely due to a herd effect (46).
In the US, the 4vHPV vaccine was most commonly administered from 2006 to 2015, followed by the 9vHPV vaccine, which
is the only available HPV vaccine in the country since 2017. Using archived specimens from women 18 to 39 years old diagnosed
with CIN2+ and data from a population-based surveillance system (the HPV Vaccine Impact Monitoring Project), the proportion
of CIN2+ by HPV type was assessed over time. The proportion
of HPV16- or HPV18-positive CIN2+ declined from 52.7% in 2008
to 44.1% in 2014 (47). Substantial declines in the proportion of
HPV16- and HPV18-positive CIN2+ were recorded among women
that were vaccinated (55.2–33.3%). Furthermore, a decline was
also observed in unvaccinated women (51.0–47.3%), again suggesting the establishment of herd protection against CIN2+ (47).

No evidence of HPV type replacement following HPV
vaccination
Despite initial fears that HPV type replacement would occur following HPV vaccination implementation, similar to what was observed with the pneumococcal vaccine, there is a lack of evidence
of such a phenomenon with respect to HPV (1). Moreover, an 11year follow-up on US women showed a 45.8% decrease in the prevalence of HPV types genetically related to HPV16, demonstrating
evidence of cross-protection following 4vHPV vaccination, whereas no statistically significant changes in the prevalence of HPV
types that are genetically unrelated to 4vHPV vaccine types was
observed, suggesting that HPV type replacement has not occurred
(48). However, as shown by Gray et al. (49), some HPV types may
become more common in groups exhibiting sexual risk-taking be163
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havior, suggesting that continued post-vaccination surveillance
(especially for HPV51 and HPV52) may be warranted.

HPV vaccine safety data: an update
Despite being labeled extremely safe by the WHO, HPV vaccines
have been falsely and unfairly associated with numerous AEs and
dubious syndromes. Heightened reporting by the media has significantly impacted already established immunization programs
in various countries, including but not limited to Denmark, Japan, and Colombia. A retrospective observational study analyzing
clusters of AE reports in Denmark identified four clusters, with
fatigue, dizziness, and headache as the most common symptoms
reported. These symptoms were mainly non-specific and tended
to occur commonly in the targeted population. Moreover, there
was no evidence that these clusters represented chronic fatigue
syndrome (CFS) or any novel autonomic dysfunction syndrome.
Nevertheless, an anomalous spike in submissions of AE reports
(mostly cluster 2) seemed to result from stimulated reporting
on symptoms of CFS and postural orthostatic tachycardia syndrome (POTS), further highlighting the influence of negative media reporting on HPV vaccination coverage (50). Worryingly, an
overview of reports of long-lasting fatigue following 2vHPV vaccination published in 2013 and updated in 2015 that was picked
up by the Dutch media inevitably led to further reports on this
syndrome. Hence, a retrospective cohort study on 69,429 12- to
16-year-old Dutch girls was conducted to investigate these allegations. The study found that long-lasting fatigue is common among
adolescent girls, whereas CFS is rarely diagnosed with no statistically significant increase in incidence rates during the post-vaccination period compared to the pre-vaccination period (51).
In response to lingering public concerns that HPV vaccine
causes autoimmune diseases, a retrospective cohort study evaluating the association between HPV vaccination and diabetes mellitus type 1 on 911,648 individuals was conducted. No increased
risk of diabetes mellitus type 1 correlated with HPV vaccination
(hazard ratio 1.21, 95% CI 0.94–1.57) was found over the 10 years of
the study period (52). Furthermore, a recent systemic review and
meta-analysis on more than 169,000 autoimmune disorder events
further confirmed that HPV vaccination is not associated with an
increased risk for subsequent autoimmune diseases (odds ratio
[OR] 1.00, 95% CI 0.95–1.06), particularly among individuals with
preexisting autoimmune conditions (OR 0.82, 95% CI 0.70–0.96)
(53).
Similar to previously published data, an analysis of reports to
the US Vaccine Adverse Event Reporting System (VAERS) of AE
following 2vHPV vaccination between 2009 and 2017 found no
new or unexpected safety concerns with the use of the 2vHPV vaccine (54).
Because those opposing HPV vaccination in Japan claim that
there are no vaccine efficacy or safety data to clearly show that
HPV vaccines work in a Japanese population, results from several
trials on Japanese men and women were recently published to
bridge the findings from international trials on immunogenicity,
safety, and efficacy (55–57). Thus, the 4vHPV vaccine was found
to be immunogenic, safe, and well tolerated in Japanese boys
(56) and men (57), whereas the 2vHPV vaccine was shown to be
highly effective against targeted HPV types and conferred crossprotection against HPV31, HPV45, and HPV52 up to 6 years post
vaccination (55). Hopefully, these data will finally convince Japanese politicians to reinstate proactive recommendations for HPV
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vaccination, which could to some degree revert the catastrophic
decline in HPV vaccination rates following suspension of these
recommendations in 2013 (55).

No change in sexual behavior following HPV vaccination
Although some groups expressed concern that HPV vaccination
will result in an increase in sexual risk-taking behaviors among
adolescents, there is no evidence that HPV vaccination leads to increased promiscuity or unsafe sexual practices. This has been additionally confirmed on a large study evaluating population-level
changes in sexual behaviors prior to and after implementation
of school-based HPV vaccination program in British Columbia,
Canada. Data on 298,265 heterosexual girls showed that sexual
risk behaviors reported by adolescent girls following implementation of HPV vaccination either stayed the same (e.g., number of
sexual partners reported) or declined. Thus, significant declines
in the proportion of girls reporting ever having sexual intercourse
(OR 0.79), having sexual intercourse before age 14 (OR 0.76), and
reported substance use before intercourse (OR 0.69) were found in
the period from 2003 to 2013 (58). Similar trends were also shown
for college-age men and women from the US (59) and Danish pupils (60). Nevertheless, HPV-vaccinated adolescents from Denmark were less likely to use a condom despite their higher sexually transmitted infections (STI) awareness; however, this trend is
probably unrelated to HPV vaccination itself (60).

Novel prophylactic HPV vaccines and innovative
technologies for HPV vaccine production
Despite being highly effective in preventing HPV infections, the
2vHPV and 4vHPV vaccines confer protection against a limited
array of HPV types and are associated with high production and
delivery costs. To address these issues, research is focusing on
finding alternative and/or innovative methods to produce and
deliver novel HPV vaccines. Whereas the 9vHPV vaccine may
be considered the first of a new HPV vaccine generation, several
other second-generation HPV vaccines are currently undergoing
preclinical and clinical evaluations.
Instead of using eukaryotic systems, which are expensive to
manufacture, HPV L1 virus-like particles (VLPs) can be produced
at much lower costs using bacteria. Two Escherichia coli–based
prophylactic HPV vaccines against HPV16/18 and HPV6/11 are
currently in phase III and phase I clinical trials, respectively
(61). To decrease the production costs, expression systems of the
methylotrophic yeasts Pichia pastoris and Hansenula polymorpha
are also being used to produce HPV6, HPV11, HPV16, and HPV18
VLPs. These types of vaccines are undergoing phase I trials (61).
Other advanced systems not presented in detail due to the scope
of this review include transgenic plants and attenuated bacteria
(e.g., mutant Salmonella enterica or Shigella) that are capable of
producing L1 VLPs, and recombinant viral vaccines (e.g., recombinant baculovirus) containing the HPV16 L1 gene (62).
Due to the fact that the L2 protein induces broad cross-neutralizing antibodies, it was thought to be the ideal candidate for
generating a so-called pan-HPV vaccine. However, the suboptimal immunogenicity and limited neutralizing spectrum of L2
seemed to be the major caveat in developing efficient prophylactic
L2-based HPV vaccines. This might potentially change because
a recent study showed that rationally designed flagellin-L2 fusion peptides (Fla-5PcL2) were capable of inducing robust broad-
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spectrum serum (when injected intramuscularly) and mucosal
(when injected intranasally) neutralizing antibodies. Moreover,
both routes of vaccine administration induced potent protection
against vaginal pseudovirus challenges in mice, suggesting that
Fla-5PcL2 is a promising L2-based HPV vaccine candidate (63).
The pentameric subunits or capsomeres of the L1 protein are
especially attractive for development of affordable second-generation HPV vaccines. In contrast to VLPs that are composed of 360
copies of the L1, the capsomeres only contain five L1 monomers,
expressing all essential neutralizing epitopes capable of inducing
immune responses. They are easily produced in E. coli and, because capsomeres can be lyophilized and consequently shipped
as well as stored without refrigeration (61, 62), this could significantly improve the availability of HPV vaccine in developing
countries. Chinese researchers recently evaluated a novel HPV16
L1 pentamer-loaded hybrid particles vaccine system, showing the
importance of particle size when developing novel HPV vaccines,
with HPV L1 capsomer particle size of 1 µm generating the strongest immune reactions in BALB/c mice (64).
In addition to its cost, the requirement for continuous refrigeration (between 2 and 8 °C) sets another barrier that hinders
widespread availability of the HPV vaccine, especially in remote
regions of the world. Data on immunogenicity and efficacy of
spray-dried 9vHPV vaccines are encouraging, showing considerable protection of such thermostable vaccine against HPV infection in mice following storage at temperatures up to 40 °C for 3
months. Moreover, it even seems that the 9vHPV vaccine, as currently marketed, could be stored and transported at temperatures
above 8 °C without losing efficacy, which would be especially convenient in low and middle-income countries (65).
Whereas vaccines are mostly injected intramuscularly, intradermal administration can be an alternative route of vaccine
delivery with several advantages: for example, the antigens can
be applied at a lower dosage and may be capable of inducing an
immune response in intramuscularly vaccinated non-responders.
Results from the first evaluation of a high-density microprojection
vaccine patch (NanopatchTM) coated with unadjuvanted HPV vaccine showed that this type of HPV vaccine remained stable during
cold shipping, was delivered effectively, and was capable of generating an immune response in rhesus macaques (66).

The future of HPV vaccination
The impact of HPV vaccines has by far exceeded our initial expectations; however, their potential is still largely unexploited. Unfortunately, despite having access to HPV vaccination, many women
are still being diagnosed with high-grade cervical lesions, among
them also vaccine-eligible women that were not vaccinated. Surprisingly, the three most common self-reported reasons for not
receiving the vaccine among vaccine-eligible women diagnosed
with CIN2+ from the US were age (e.g., being too old to receive
the vaccine; 31.3%), lack of provider recommendation for vaccination (19.9%), and previous diagnosis of HPV infection (17.5%).
These results suggest the need to dispel myths about HPV vaccine
eligibility—older age and previous diagnosis of HPV infection are
not contraindications for HPV vaccination—and to highlight the
importance of providers in promotion of vaccination for all eligible patients (67).
An example of an innovative intervention toward increased
HPV vaccination coverage is the FASTER strategy, which offers
HPV vaccination to all women between 25 and 45 years old at-
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tending cervical cancer screening (68). Encouraging data are
already available for Mexico, where almost all eligible women
(3,282/3,474; 93%) accepted HPV vaccination as part of a combined screening and HPV vaccination program (69).
The idea of combinatorial vaccines that would simultaneously protect against HPV and other diseases also became an attractive approach toward improving vaccination coverage rates.
Recently, a proof-of-concept combinatorial vaccine using a VLP
displaying an HPV RG1 epitope and VAR2CSA placental malaria
antigen proved to be able to reduce HPV infection while inducing
anti-VAR2CSA IgG antibodies in mice. Such a vaccine with dual
specificity would be especially convenient in Sub-Saharan Africa,
where the target population for vaccination against both HPV
and placental malaria (e.g., adolescent girls) basically overlaps
(70). To achieve elimination of rubella while potentially increasing HPV vaccine uptake in developing countries, a combinatorial
HPV16/18 and rubella vaccine was designed. Interestingly, immunized mice developed specific antibodies against both HPV and
rubella that were even higher than in mice immunized with only
rubella or HPV vaccine (71). Moreover, results from a randomized
controlled trial showed feasibility of concomitant administration
of the 4vHPV vaccine and tetanus, diphtheria, pertussis (Tdap)
vaccine with quadrivalent meningococcal CRM197-conjugate vaccine (MenACWY-CRM) in adolescents. Such concomitant administration of different vaccines could maximize the opportunity for
improving community protection and compliance with scheduled
vaccination (72).
A large study of 18,247 formalin-fixed paraffin-embedded
specimens from 50 countries highlighted the potential impact of
the 9vHPV vaccine in preventing HPV-related disease, suggesting
that the addition of the five high-risk HPV types (HPV31, HPV33,
HPV45, HPV52, HPV58) to HPV6, HPV11, HPV16, and HPV18 in the
9vHPV vaccine could potentially prevent approximately 90% of
cervical cancer cases and globally reduce 50% of all HPV-related cancer cases (73). Moreover, a meta-analysis by Drolet et al.
(34) that evaluated data from 65 studies on more than 60 million
HPV-vaccinated individuals with up to an 8-year follow-up provided the most up-to-date information on HPV vaccine impact at a
population level. Most importantly, Drolet et al. have shown that,
compared to countries with single-cohort HPV vaccination and/
or low coverage rates, countries that adopted multiple age cohorts
for HPV vaccination schedules tend to observe faster and higherimpact results, including benefits due to herd effect (34).
The success of HPV vaccines has drastically reframed our
initial goals, moving from cervical cancer prevention to cervical
cancer elimination. However, multi-level interventions based on
a combination of HPV vaccination, screening, and treatment of
cervical disease will have to be tightly coordinated and supported
by national and/or regional healthcare officials and authorities
in order to approach the cervical cancer elimination threshold.
Australia, a pioneer in introducing a successful national HPV vaccination program with high and consistent coverage rates across
both sexes, will mostly likely be one of the first countries to reach
elimination thresholds; the estimates predict that the age-standardized annual incidence of cervical cancer will drop below six
new cases per 100,000 women by 2020, and fewer than four new
cases per 100,000 women by 2028. With a combination of regular
cervical cancer screening, treatment of preneoplastic lesions, and
high HPV vaccination coverage rates, cervical cancer will probably be eliminated as a public health problem in Australia within
the next 20 years (74). A modeling study performed by Simms et
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al. (75) further elucidates the requirements for elimination of cervical cancer. In the absence of further interventions, an estimated
44.4 million cervical cancer cases would be diagnosed at the global level over the period from 2020 to 2069, with almost two-thirds
of cases occurring in low- or middle-income countries. However, if
widespread high-coverage HPV vaccination in combination with
regular cervical cancer screening is adopted from 2020 onward,
we could also achieve elimination thresholds of fewer than four
cases of cervical cancer per 100,000 women per year in low-income countries by the end of the century, and this effect would
be achieved a few decades earlier in high-income countries (by
2065–2069) and in middle-income countries (by 2070–2079) (75).
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Conclusions
Additional evidence contributes to the already overwhelming
data on HPV vaccine safety, durability of immune protection, and
real-life effectiveness. Unfortunately, HPV vaccines will inevitably
experience obstacles despite their substantial success, with the
most threatening issue currently being the HPV vaccine shortage. Potential barriers that prevent worldwide implementation of
gender-neutral HPV vaccination should be addressed and acted
upon immediately in order to exploit the incredible potential of
prophylactic HPV vaccines in time.
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