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A genital infection with human papillomavirus (HPV) is the most common sexu-
ally transmitted infection, which passes transiently in most people. However, some 
infections with high-risk (hr) HPV types persist and are associated with an increased 
risk for the development of anogenital cancers, while low-risk (lr) HPV type infec-
tions may lead to anogenital warts. Cancer of the cervix is the most common HPV 
associated cancer, as well as the most common gynecological cancer worldwide. While 
HPV infections may be acquired early after initiation of sexual activity, cervical cancer 
can take many years to develop and has a peak prevalence between 35-55 years of 
age. Three prophylactic HPV vaccines have been developed, aiming to prevent HPV 
infection and subsequent disease. All vaccines protect against the two most common 
oncogenic HPV genotypes, HPV16 and HPV18. In the Netherlands, vaccination was 
introduced in the National Immunization Program (NIP) in 2009 for girls only, using 
the bivalent HPV vaccine. The program started with a catch-up campaign for 12- to 
16-year-old girls born in 1993-1996, according to a three-dose schedule. From 2010 
onwards, HPV vaccination was offered to girls in the year they turn 13 years old and 
since 2014, the program has used a two-dose schedule. Since 2022, HPV vaccination 
is offered to both girls and boys in the year they turn 10 years old.

The goal of this thesis is to monitor and evaluate the effect of the HPV vaccination 
program on HPV infections and immune responses, with a special focus on long term 
effects.

Papillomaviruses
Papillomaviruses (PVs) come in a large variety of types, but all consist of a small, 
circular genome of about 8000 base pairs. The base pairs code for the most important 
early genes (E1, E2, and E4-E7), and late genes one and two (L1 and L2), amongst 
others [1]. Only a subset of all PVs can infect human tissue (HPV), of which over 
200 have been identified to date based on genetic variation. The types are subdivided 
in genera; about 40 commonly studied HPV types are able to infect the human 
mucosae and are from the alpha genus [2]. Within this genus different clades can be 
distinguished indicating variation between the types. HPV infections of the human 
mucosae may appear anogenital, but also oropharyngeal. Moreover, a distinction has 
been made based on the oncogenic potential, subdividing hr and lr HPV types. 

HPV types
Currently, twelve HPV types are considered as group 1 carcinogens, and are therefore 
classified as hr HPV: HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59 [3, 4]. 
A handful of other types is classified as potentially carcinogenic [3]. Although 80 to 
90% of the infections are asymptomatic [5] and will be cleared spontaneously within 
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18 months on average [6], a persistent infection with a hr HPV type may lead to 
the development of (pre) malignant lesions on anogenital and oropharyngeal sites, 
including cervical, vaginal, vulvar, penile, anal, oral and larynx cancer [7]. Of these, 
cervical cancer is the most common cancer associated with HPV [8]. HPV16 and 18 
are the dominant oncogenic types, associated with 70% of all cervical cancers and 
responsible for the majority of other HPV associated cancers [4]. LrHPV types are 
associated with benign lesions of the anogenital site known as anogenital warts or 
condyloma acuminata and low-grade lesions of the cervix. HPV6 and 11 are the most 
common lrHPV types with an estimated attributable fraction of 90% for anogenital 
warts [9]. 

Epidemiology and risk factors
HPV infections are very common and mostly present as sexually transmitted infec-
tions with an estimated lifetime risk to acquire an infection of 80% [10]. Among 
women, age related distributions of anogenital HPV infection vary across popula-
tions. For most populations, prevalence increases from the start of sexual debut until 
age 25-30. Thereafter, a plateau is reached followed by a declining prevalence of 
genital HPV infections, although inconsistent patterns are observed in middle-aged 
women [11, 12]. Other observed trends are flatter(mainly seen in Asian countries) or 
bimodal, especially in Latin-America or Africa [13]. Prevalence among men is more 
equally spread over age groups with no clear decline [14, 15]. HPV16 is the most 
common HPV type in cervical infections among women with normal cytology across 
the world [13, 16]. Prevalence of other hr HPV type infections shows heterogeneity 
between different populations, which can be due to host immunogenic factors or 
other geographical characteristics. Moreover, prevalence is less well studied at other 
anatomical sites but seems dependent on gender and sexual preference. For example, 
HPV prevalence at the anal site is much higher among men who have sex with men 
(MSM) compared to women or men who have sex with women. Anal HPV prevalence 
is also associated with the presence of an HIV infection [17]. For the oral cavity, HPV 
prevalence estimates are inconsistent and dependent on the collection method, with 
some studies showing a higher prevalence among men than among women [18]. 

As transmission of mucosal HPV infections is most likely to happen during (vaginal) 
intercourse, risk factors for contracting an infection are mostly related to sexual 
behavior and comparable to other sexually transmitted infections (STI). An increas-
ing number of sexual partners and a younger age of sexual debut (high-risk sexual 
behavior), but also smoking, drinking alcohol, and oral contraceptive use have been 
associated with HPV infection [6]. Consistent condom use likely reduces transmis-
sion, although not as much as observed in other STIs [19].



11

Introduction

Ch
ap

te
r 

1HPV infections can be classified as incident or prevalent when observed once, or per-
sistent when the same HPV type infection is observed in subsequent measurements. 
Whether HPV infections that are not longer detected have completely cleared is still 
under debate as latency and reactivation cannot be ruled out [20]. This indicates 
that the virus remains present in the body below the viral load detection limit, but 
reactivates when the immune system gets suppressed or circumstances change [21].

Cervical carcinogenesis
Cancerous lesions of the cervix were the first to be identified as related to a persistent 
hr HPV infection, and they are also the only HPV related cancer of which virtually 
all cases are attributable to HPV infections [8]. Other HPV related cancers may have 
a more heterogeneous origin, including a role for environmental factors [22]. There-
fore, carcinogenesis has been most clearly documented for the cervix. Microtrauma 
in the epithelium of the cervical tissue (often the cervical transformation zone) can 
be induced during sexual intercourse, giving the virus the opportunity to infect the 
host basal cells. Viral proteins inhibit normal differentiation of the basal cells while 
initiating viral genome replication [23]. When viral parts are shed at the epithelial 
surface, a productive infection state is reached. If the infection is maintained and not 
cleared by the host’s immune system, expression of the virus in dividing host cells can 
occur, leading to deregulation of the cell cycle and genetic instability also known as a 
transforming infection. This causes morphological changes of the cervical cells which 
may eventually lead to invasive cancer [24]. 

Cervical squamous cell carcinomas are the most common form of cervical cancer and 
are preceded by different stages of cervical intraepithelial neoplasia (CIN). These are 
categorized as mild dysplasia (CIN1) up to severe dysplasia and carcinoma in situ 
(CIN3), with a larger part of the epithelium affected in the later stages [25]. Progres-
sion and regression of lesion stages is possible, but the chance to regress decreases 
with increasing stage. The time between acquiring an HPV infection and CIN2/3 
progression has been estimated to be 3-5 years, while it may take up to 15-30 years 
to develop cervical cancer [23, 26]. A less frequently observed form of cervical cancer 
is adenocarcinoma (preceded by adenocarcinoma in situ), although its precancerous 
stages are less well defined [26]. Also, pathogenesis at other anatomical sites has been 
less well described but is supposed to be comparable to the cervix.

Disease burden of  HPV related cancer and anogenital warts
HPV associated cancers pose an important disease burden worldwide, although 
the total number of non-cervical cases is smaller and the HPV attributable fraction 
is reduced compared to that of cervical cancer [27]. Regional differences in HPV 
associated cancer incidence have been observed; cervical cancer disproportionally 
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affects women in the developing world (85% of cases reside in South-Eastern Asia, 
Latin America, and sub-Saharan Africa), while non-cervical cancer has the highest 
burden in Europe and North-America [27]. This inconsistency between cervical and 
non-cervical cancer occurrence is probably related to the lack of preventive measures 
like screening programs, which are available for cervical cancer (mainly in developed 
countries) but do not exist for non-cervical HPV-related cancer. Together with the 
age at which non-cervical cancer is often diagnosed, this leads to different regional 
patterns in disease burden [7]. In the Netherlands, about 800 women are diagnosed 
with cervical cancer each year, and about 200 women die from this disease [28]. 

Anogenital warts add a substantial part to the total number of HPV-related disease 
cases, albeit with lower disease severity. In the Netherlands, the annual rate of diag-
nosed AGW at general practices fluctuated between 3.7 and 4.2 per 1000 persons 
between 2017 and 2021 [29]. 

Vaccination
Since the first licensure in 2006 and 2007, different prophylactic HPV vaccines 
have been introduced to the market to prevent HPV associated disease. The working 
mechanism is based on virus-like ps (VLPs), which resemble the L1 gene of the virus 
but do not contain actual HPV DNA and can therefore not cause disease [32]. All 
vaccines are based on the same mechanism but are produced in different vectors and 
use different adjuvants. The bivalent vaccine (Cervarix, 2vHPV) induces protection 
against infection with hr HPV types 16/18 types [33], while the quadrivalent vaccine 
(Gardasil, 4vHPV) combines protection against HPV16/18 with lr types HPV6/11 
[34]. A nonavalent vaccine (Gardasil9, 9vHPV) was introduced in 2015 and protects 
against HPV types HPV6/11/16/18/31/33/45/52/58 [35]. All vaccines were primar-
ily targeting cervical cancers (and anogenital warts in case of HPV6/11 inclusion), 

Table 1: Number of incident HPV associated cancer cases with HPV attributable fractions.

Anatomical 
site

Number of 
incident cases 
(2020) [27]

HPV attributable 
fraction (%) [24]

Number of HPV 
attributable cases* 

Relative 
attribution of 
HPV16/18 (%) 
[28]

Relative 
attribution of 
HPV31/33/45/
52/58 (%) [28]

Cervix 604 100 100 604 100 71 18

Anus 50 900 88 44 800 87 8

Oropharynx 98 400 31 30 500 90 5

Vagina 17 900 78 14 000 64 21

Vulva 45 200 25 11 300 79 14

Penis 36 100 50 18 000 77 11

* Based on attributable fraction from Martel [27] and Globocan 2020 [30]
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1but over the last years the European Medicines Agency (EMA) registration has been 
extended to include protection against vulvar, vaginal, and anal lesions according. 
Vaccines were initially licensed according to three-dose schedules for people from 
9 years of age onwards. Licensure was replaced by a two-dose recommendation for 
9-13/14-year-olds based on immunobridging data in 2014 [36-38]. In 2022, the 
World Health Organization (WHO) changed their recommendation to a one or two-
dose schedule for all children and adolescents until 20 years of age and to a two-dose 
schedule with a 6-month interval for adults ≥21 years. However, such schedules have 
not yet been approved by the European Medicines Agency (EMA) [39]. 

Vaccination in the Netherlands was implemented as a primary prevention strategy 
for HPV related cancers targeting girls-only, as the initial aim was to reduce cervical 
cancer. Following a catch-up campaign for 13-16-year-old girls in 2009, the bivalent 
HPV vaccine was added to the regular National Immunization Program (NIP) in 
2010. Girls were eligible for a 3-dose vaccination schedule in the year they turned 13 
[40]. In 2014, a switch towards a two-dose schedule was made based on an advice of 
the EMA. In 2019, an updated advice from the Dutch Health Council stated that it 
would be beneficial to offer HPV vaccination to boys in addition to girls and to lower 
the age of vaccination to nine years (in the year a child turns ten). This change in 
schedule has been implemented in 2022, combined with a catch-up campaign for all 
adolescents (boys and girls) up to the age of 18 years in 2022 and 2023. Additionally, 
the opportunity to vaccinate is provided for everyone up to the age of 26 years in 
2023 [41]. 

Uptake of HPV vaccination in the Netherlands has been fluctuating; the catch-up 
campaign in 2009/2010 for birth cohorts 1993-1996 had an uptake around 50%. 
From 2010 onwards, HPV in the regular NIP has shown a varying uptake. In 2018 the 
uptake was at its lowest at 45.5% and since 2020 an increasing trend can be observed 
[42]. The uptake of HPV vaccination is lower than that of the infant vaccines offered 
within the NIP (all >90%). However, some young people do receive HPV vaccination 
after the targeted age; if these are included in the calculation, the uptake is slightly 
higher. Also the Covid-19 pandemic has caused some fluctuations in vaccine uptake 
over the past years, as invitations for HPV vaccination were postponed. 

While some countries like England and Scotland achieved a high uptake since the 
start of the HPV vaccination program, others encountered similar difficulties reaching 
high HPV vaccine uptake; negative media attention and parental concerns about vac-
cine safety and effectiveness that were spread by lobby groups, caused drastic declines 
in the HPV vaccination uptake in Ireland and Denmark [43,44]. Similar factors likely 
affected the uptake in the Netherlands [45] but studies additionally showed that not 
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having received measles vaccination, having one or two parents born in Morocco or 
Turkey, living in an area with lower socioeconomic status and higher municipal voting 
proportions for Christian political parties or populist parties are associated with a 
lower vaccination uptake [46]. 

In the Netherlands, monitoring of vaccine-related adverse events is performed by The 
Netherlands Pharmacovigilance Centre Lareb [47]. Mild adverse events following 
HPV vaccination have been frequently reported, including local and systemic reac-
tions. Both in- and outside the Netherlands, research has been conducted to evaluate 
possible severe HPV vaccine related adverse events, including migraine, chronic fa-
tigue syndrome (CFS), and complex regional pain syndromes or postural orthostatic 
tachycardia syndrome (CRPS or POTS) [48-50]. No associations or indications for 
a biological relation between HPV vaccination and any of these health issues were 
established and the vaccine is considered safe [51].

Table 2: Different licensed HPV vaccinations with their specifications as described by EMA.

Cervarix® (bivalent) Gardasil® (quadrivalent) Gardasil9® (nonavalent)

Manufacturer GlaxoSmithKline Biologicals, 
SA

Merck Sharp & Dohme Merck Sharp & Dohme 

VLP types 
included

HPV16 and 18 HPV6, 11, 16 and 18 HPV6, 11, 16, 18, 31, 33, 45, 
52 and 58

Dose of L1 
protein

20 μg (HPV16 and 18) 20 μg (HPV6 and 18)
40 μg (HPV11 and 16)

20 μg (HPV31, 33, 45, 52, 
58)
30 μg (HPV6)
40 μg (HPV11 and 18) 
60 μg (HPV16)

Producer cells Trichoplusia ni (Hi 5)
insect cell line
infected with L1
recombinant

Saccharomyces
cerevisiae expressing
L1

Saccharomyces
cerevisiae expressing
L1

Registered for Boys and girls ≥9 year Boys and girls 9-26 year Boys and girls 9-26 year

Adjuvant 500 μg aluminum hydroxide 
and 50 μg 3–0-deacylated-
4′-monophosphoryl lipid A 
(AS04)

225 μg aluminum hydroxy 
phosphate sulphate (AAHS)

500 μg aluminum hydroxy 
phosphate sulphate (AAHS)

Schedule 9-14 years of age: 
two doses (0, 5-13 months)
≥15 years of age: 
three doses (0,1,6 months)

9-13 years of age: 
two doses (0, 6 months)
≥14 years of age: 
three doses (0,2,6 months)

9-14 years of age: 
two doses (0, 6 months)
≥15 years of age: 
three doses (0,2,6 months)

Indications Protection against HPV-
related: - Precancerous 
cervical, vulvar, vaginal, and 
anal lesions; 
- Cervical and anal cancers 

Protection against HPV-
related: 
- Precancerous cervical, vulvar, 
vaginal, and anal lesions;
- Cervical and anal cancers; 
- Genital warts

Protection against HPV-
related: - Precancerous 
cervical, vulvar, vaginal, and 
anal lesions;
- Cervical, vulvar, vaginal, and 
anal cancers; 
- Genital warts
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Immune responses
The exact working mechanism of HPV vaccination is not known, but neutralizing 
antibodies are the assumed mediators of protection following vaccination. The vaccine 
induces strong immunological responses and vaccinated individuals almost always 
seroconvert (nearly 100%), with antibody levels up to 100-fold higher compared 
to unvaccinated individuals [52,53]. This indicates the HPV vaccines are very im-
munogenic with antibody levels that remain high over time, as is also predicted by 
modeling studies [54,55]. On the other hand, observed seroconversion following a 
natural infection is limited. Not everyone seroconverts and it is unknown whether a 
current infection prevents a subsequent one with the same HPV type [56]. A correlate 
of protection is not determined for HPV so far. Nevertheless, serology measurements 
or seroprevalence studies can be indicative of cumulative past exposure among the 
population. As earlier discussed, different dosing schedules have been in place.. Up 
to now these reduced dosing schedules seem appropriate especially among children 
en adolescents, leading to comparable and durable immune responses at least against 
vaccine type infections [57-59]. 

Figure 1: HPV vaccination uptake by birth cohort in the Netherlands since start of the HPV vaccination 
program 
*: Since reporting year 2022 (birth cohort 2007), an informed consent procedure is in place for the registration of 
vaccination data with personal data, such as year of birth and postal codes. If a parent/adolescent does not permit 
use of the data, , the vaccinee is not included in the vaccine uptake calculations, leading to an underestimation 
of the total vaccine uptake.
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Vaccine impact
Impact of vaccination can be measured in different ways. Regarding HPV vaccines, 
various endpoints can be included on the trajectory from incident infection to actual 
cancer. They come with their own (dis)advantages, such as the time it takes to observe 
a clinical endpoint and the number of people needed to measure an effect. Further-
more, the impact of vaccination can be expressed as efficacy when measured within 
randomized clinical trials under ideal, controlled circumstances, and as effectiveness 
when measured with observational, real-world data [60]. For HPV vaccines, evalua-
tion in real-world settings is especially important, since registration and clinical trials 
were mostly based on an older study population as compared to preadolescents to 
which the vaccines are administered within vaccination programs [61]. Lastly, it is 
informative to not only include the observed effect among vaccinated individuals as 
compared to unvaccinated ones, but also to consider the indirect effect of vaccina-
tion on the population (population-level effects). This provides information about 
the herd effects; effects of vaccination outside the targeted group through reduced 
infection transmission in the total population, including unvaccinated individuals. 
For girls-only vaccination herd effects may occur among men (first order effects) or 
unvaccinated women (second order effects) [62]. It may also be interesting to evaluate 
the effect of HPV vaccination for specific types combined or subsets, such as vaccine 
types, cross-protective types, lr and hr HPV types. With regard to cross-protective 
types, protection against numerous HPV types has been shown following bivalent and 
quadrivalent vaccination and is important to consider in the evaluation of the total 
protective effect of these vaccines. Generally, cross protection is stronger following 
bivalent compared to quadrivalent vaccination and cross-protective effects have been 
observed for HPV types HPV31/33/45/52/58, with HPV31 and HPV45 most con-
sistently reported [63, 64]. Randomized clinical trials (RCTs) that were conducted for 
the vaccine registration mainly included 16–26-year-old females and showed very high 
efficacy (>95%) against vaccine type CIN2(+) lesions among those without evidence 
of previous HPV exposure [65-67]. This study population was assumed to be the best 
approximation of the target population of vaccination, being preadolescents before 
sexual debut. Protection is generally lower in populations that might have already 
been exposed and is often lower against (persistent) infections as compared to lesions. 

Secondary prevention
As opposed to primary HPV related cancer prevention through vaccination, the Neth-
erlands also has a national cervical cancer screening program for secondary prevention 
of cervical cancer. The current organized program invites all women aged 30 years for 
their first visit, which consists of a cervical sample at the general practitioner’s office or 
a self-collected vaginal sample on request. In 2021, the regular program reached 55% 
of the invited women; this uptake included some catch-up related to delays in 2020 
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due to the Covid-19 pandemic. The 5-year uptake of the cervical cancer screening 
program with opportunistic screens and follow-up management is 72% [69]. Since 
2017, hr HPV DNA testing has replaced cytology testing as primary screening tool: 
Only HPV positive samples are tested for cytology and HPV-positive women are 
managed according to cytology and HPV16/18 genotyping results [70]. This process 
is repeated every 5 years, but women who have a negative hr HPV test at age 40 or 50 
years are re-invited after 10 years. 

In 2023, women who were eligible for HPV vaccination through the catch-up 
campaign will enter the HPV-based screening program. This provides a new source 
for vaccine monitoring and evaluation: through comparing screening outcomes in 

Table 3: Vaccine effectiveness from the three licensed HPV vaccines against different endpoints.

Adapted from [68] 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)

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.
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vaccinated and unvaccinated women the impact of vaccination on clinical outcomes 
will become measurable. 

Monitoring NIP
Surveillance of the NIP is important and aims to evaluate the current immuniza-
tion program. The evaluation is based on several monitoring areas divided in five 
pillars [71]. 1) Pathogen surveillance including virological changes and viral load, 2) 
surveillance of the disease or intermediate endpoints such as (persistent) infections, 
3) surveillance of adverse events possibly related to vaccination, 4) surveillance of 
vaccination uptake, 5) immunosurveillance including serological responses among 
vaccinated and unvaccinated, duration of protection, and correlates of protection. 

Along with the introduction of the HPV vaccine, monitoring was advised by the 
Health Council to assess effectiveness and safety as long-term follow-up data were not 
yet available [72]. The expected effects on cancer reduction can only be observed after 
many years, so early endpoints such as (persistent) infections and pre-stages of cervical 
lesions form an important alternative source of information (surveillance of disease). 
Together with the other pillars this provides extensive insight in the effects of HPV 
vaccination in the Netherlands.

Aim and content of  thesis
The aim of this thesis is to monitor the long-term effects of HPV vaccination within 
the NIP of the Netherlands regarding virological and serological outcomes. More 
specifically, genital HPV infections, which are considered important early outcomes, 
and serological IgG responses are described and studied. Additionally, we describe ef-
fects of both a three-dose and a reduced dosing schedule on the long-term protection. 
This information is important for bridging the gap between the initial vaccination 
implementation and the upcoming expected results on clinical outcomes. Both the 
HAVANA cohort (three-dose schedule among girls invited through the catch-up 
campaign) and the HAVANA2 cohort (two-dose schedule) are important sources of 
information within this thesis.

In part 1 the focus is on the serological responses following HPV infection and 
vaccination. Chapter 2 describes the population-based changes in seroprevalence of 
unvaccinated individuals over a ten-year time period, during which HPV vaccina-
tion was implemented in the Netherlands. IgG antibody levels as induced by natural 
infection against 7 hr HPV types in the general population are described. In chapter 
3, the focus is on vaccine derived immune responses following vaccination. Within 
the HAVANA cohort, antibody levels among both vaccinated and unvaccinated par-
ticipants are described. Furthermore, the association between type-specific antibody 
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1levels one-year before infection is studied among vaccinated individuals. Chapter 4 
reviews the currently available information on immunological responses following 
vaccination, with special focus on long-term effects. Chapter 4 identifies the current 
state of knowledge and aspects that could be considered for further research. 

In part 2 of this thesis, the focus is on the effects of HPV vaccination on genital infec-
tions. First, in chapter 5, we look at the trends of type-specific HPV prevalence over 
time since the introduction of HPV vaccination. Both the trends among vaccinated 
women, heterosexual men and unvaccinated women are described in order to gain 
insight into the population-level impact of a girls-only HPV vaccination program. 
Chapter 6 focusses on genital infections among vaccinated and unvaccinated par-
ticipants from the HAVANA2 cohort in order to estimate the effectiveness against 
vaccine type and cross protective type infections from the reduced dosing schedule 
at four-year post-vaccination. In chapter 7, methodological challenges regarding 
vaccine effectiveness are described, specifically the selection of a method for vaccine 
effectiveness (VE) estimation. Different methods as identified in the literature are 
described, compared, and applied to the HAVANA data in order to make a state-
ment on the most suitable method for VE estimation from observational cohort data. 
Finally, chapter 8 focusses on the long-term protection from the three-dose schedule 
up to 10 years after vaccination using HAVANA data. Chapter 9 contains the general 
discussion of this thesis.
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ABSTRACT

Background: In the Netherlands, bivalent human papillomavirus (HPV) vaccination 
was included in the National Immunization Program for 12-year-old girls in 2010 
(vaccination coverage, 45%–60%). We examined possible changes in HPV serop-
revalence in the HPV-unvaccinated Dutch population aged 0–89 years, comparing 
prevaccination data with data of approximately 6 years after implementation of 
national vaccination.

Methods: Serum samples of men and women were used from two cross-sectional 
population-based serosurveillance studies performed before (2006–07, n = 6,384) and 
after (2016–17, n = 5,645) implementation of HPV vaccination in the Netherlands. 
Seven high-risk HPV-specific antibodies (HPV16, 18, 31, 33, 45, 52, and 58) were 
tested in a virus-like particle-based multiplex immunoassay.

Results: Type-specific HPV seroprevalence increased in women between 2006–07 and 
2016–17. Also, a higher seroprevalence for at least one type in women >15 years 
was found in 2016–17 (31.7%) compared with 2006–07 (25.2%). In men, overall 
HPV seroprevalence remained similar; however, a lower seroprevalence was found for 
HPV16 in 2016–17 (7.5%) compared with 2006–07 (10.6%).

Conclusions: Our results indicate an increase in high-risk HPV types in women and 
a rather stable exposure in men. No clear effects of the strategy of girls-only vaccina-
tion were observed in men, probably because of the short time after introduction 
combined with suboptimal coverage.

Impact: No herd immunity has been observed yet in a population with suboptimal 
HPV vaccination coverage.
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Introduction

Human papillomavirus (HPV), a virus capable of infecting the epithelial cells of the 
mucosa, is the cause of anogenital warts and cervical cancer [1]. Besides cervical can-
cer, HPV is also linked to various other cancers in the anogenital tract and oral cavity 
[2]. By routine HPV vaccination and effective cervical cancer screening programs, 
countries can reduce the burden of HPV-related disease.

All current globally available vaccines provide protection against HPV types 16 and 
18, for example, and are included in the current bivalent vaccine. HPV types 6 and 11 
are added in the quadrivalent vaccine and the nonavalent vaccine included additional 
HPV types 31, 33, 45, 52, and 58. Vaccination against HPV has been implemented in 
many countries, with the primary aim to protect women against cervical cancer. In the 
Netherlands, the bivalent HPV vaccine was implemented in the Dutch National Im-
munization Program as a girls-only vaccine for 12-year olds in a three-dose schedule 
in 2010, and is currently still being used, protecting them against HPV types 16 and 
18. In addition, a catch-up campaign was initiated for girls from the birth cohorts 
1993–1996 (i.e., 13–16 year olds) in 2009. From 2014 onward, the Netherlands 
shifted to a two-dose schedule (starting from birth cohort 2001 onward). The HPV 
vaccination coverage in girls in the Netherlands varied from 2009–2017 from 45% 
to 62% [3].

To gain information about previous HPV exposure, HPV serology is established as an 
important tool for population-based studies [4]. This provides a view on type-specific 
cumulative lifetime exposure to HPV. Antibodies against HPV L1 virus-like particles 
(VLP) remain stable over time, and therefore reflect past infection and cumulative 
exposure. However, not everyone who contracted HPV will seroconvert, and the 
rate of seroconversion is known to be sex dependent [5]. After HPV vaccination, 
HPV-specific antibodies are 10–100 times higher than [natural] infection-induced 
antibodies in serum [6], and therefore could be used to monitor vaccine uptake.

We assessed the (natural) infection-induced HPV seroprevalence for seven high-risk 
(hr) HPV types in the Dutch population in 2006/2007 (i.e., 4 years before the intro-
duction of HPV) and 2016/2017 (i.e., 6 years postvaccination implementation). In 
addition, we investigated the effects of the introduction of the HPV vaccination on 
the seroprevalence of HPV types in our population.
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Materials and Methods

Study design
Serum samples from two cross-sectional population-based serosurveillance studies 
performed from February 2006 to June 2007 and from September 2016 to October 
2017 in the Netherlands were used for this study. Participants were 0–79 years of age 
in the 2006–2007 survey (n = 6,384), and 0–89 years of age for the 2016–17 cohort 
(n = 5,645). Study designs have been previously described in detail [7, 8]. Briefly, the 
randomly invited participants were asked to fill in a questionnaire and to provide a 
blood sample. Questionnaires of both surveys included data on demographic charac-
teristics, ethnicity (first- and second-generation migrants), vaccination history, and 
sexual behavior. Vaccination history was determined via the individuals' registration 
booklet and the Dutch vaccination registration Praeventis [9]. The questionnaire used 
in 2006–7 was extended in the 2016–17 survey with more questions regarding sexual 
behavior. Information related to sexual behavior was only available from participants 
older than 14 years of age in both the 2006–07 study and the 2016–17 study.

We obtained written informed consent from all participants or their guardians before 
participation. The studies were conducted in accordance with recognized ethical 
guidelines (the Declaration of Helsinki) and were approved by an institutional review 
board “The Medical Ethics Committee Noord-Holland” in the Netherlands (METC 
number: ISRCTN 20164309 and M015–022).

Serologic measurement
Serum samples of both surveys were stored at −80°C until analysis, samples were 
measured at random for age and sex. For the measurement of HPV-specific IgG serum 
antibodies against L1 VLP of HPV16, 18, 31, 33, 45, 52, and 58, a VLP-based multi-
plex immunoassay was used as described previously [10]. GSK (2006–07 survey) and 
MSD (Merck Sharp & Dohme; 2016–17 survey) produced the HPV-VLPs in used 
these studies. Briefly, VLPs were conjugated to seven distinct fluorescent microspheres 
via amine coupling. Serum samples were 1/50, 1/100, or 1/10,000 diluted and incu-
bated with the VLP-coupled microspheres. HPV-specific IgG serum antibodies were 
detected using a secondary goat anti-human phycoerythrin-labeled antibody. Four 
in-house control sera and an in-house standard were used on each plate. The in-house 
standard (IVIG, lot LE12H227AF, Baxter) was calibrated against reference serum of 
GSK for all the seven HPV types. HPV-specific IgG antibodies were analyzed using 
the Bioplex system 200 with Bioplex software (Bio-Rad Laboratories). Samples were 
assumed to be seropositive above cutoffs according to the 99% Frey method (with 
99% one-sided t values, based on concentrations measured in children of 1–10 years 
old (n = 859; [11]) and found to be 9, 13, 27, 11, 19, 14, and 31 Luminex units/mL 
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(LU/mL; ref. 10) for HPV16, 18, 31, 33, 45, 52, and 58, respectively. As samples 
from 2016–17 were measured using a different batch of VLPs than those used in 
2006–07, a correction formula was applied on the data of the 2016–17 survey. This 
correction formula was based on retesting of a random subset of 160 samples of the 
2006–07 samples with the new VLPs. The correction formula was applied to the 
2016–17 antibody measurements to align them with the 2006–07 measurements.

Statistical analysis
Data analyses were conducted using SAS version 9.4 and GraphPad Prism version 
8.0.2. Women who were vaccinated against HPV according to the vaccination registry 
(n = 228) were excluded from analysis. In addition, women under 31 years of age and 
with arbitrary antibody concentration cutoff of >100 LU/mL for HPV16 and >50 
LU/mL for HPV18 were considered to be “highly likely to have been vaccinated” and 
were excluded from the analyses (n = 18). Characteristics of the study population were 
compared among the 2006–2007 cohort and the 2016–2017 cohort using χ2 tests. 
Seroprevalence for “any” or “all” hr-HPV-type(s) refer to the seven hr-serotypes that 
have been measured in this study. The study design (i.e., a two-stage cluster sampling 
method including specific regions and municipalities from which participants were 
invited) was taken into account in the analyses, as well as weights determined propor-
tional to the reference population (Dutch population, January 1, 2007 and January 
1, 2017, respectively) taking into account sex, age, ethnic origin, and urbanization 
degree. Seroprevalences were calculated per age-cohort and as large differences already 
have been observed between men and women [10], analyses were stratified for men 
and women. Crude seroprevalences of the different cohorts, age groups, and/or sexes 
were compared using Monte Carlo simulations. Parameters of the beta distribution for 
both seroprevalences were estimated and used in the simulations to obtain P values. 
Geometric mean concentrations (GMC) were calculated among HPV16 and HPV18 
seropositive individuals from both cohorts, taking the study design into account. P 
values of <0.05 were considered statistically significant.

The associations between HPV seropositivity (positive for at least one out of the seven 
HPV types) in sexually active individuals older than 14 years of age who were not 
vaccinated and demographic characteristics (age, ethnic origin, degree of urbaniza-
tion, education level, and socioeconomic status), was examined for the 2016–2017 
cohort for men and women separately. In addition, associations with (sexual) behavior 
characteristics were taken into account, including: body mass index (BMI), alcohol 
consumption, smoking, having a steady partner, age of sexual debut (being defined as 
the first time of vaginal and/or penile intercourse), condom use at last sex act, number 
of partners in the last 6 months, lifetime number of partners, and reported history 
of STI (note: participants with missing values for a specific variable were allocated 
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to a unknown category). We used generalized estimation equation (GEE) logistic 
regression models with a log link function and robust error variance. The incorpora-
tion of a GEE with exchangeable correlation structure accounted for dependency of 
multiple HPV types within an individual. First, univariate logistic regression analyses 
were conducted to study characteristics associated with HPV seropositivity. Variables 
that had P < 0.1 in univariate analyses were included in the multivariate analysis 
and backward selection (dropping variables one-by-one) was then applied. Hence, a 
multivariate model only including independently associated risk factors (P < 0.05) 
remained.

To study the differences in seroprevalence between the 2006–2007 and 2016–2017 
cohort more closely, a pooled dataset was created including all HPV-unvaccinated 
participants from both cohorts. Again, the association between HPV seropositivity 
in sexually active individuals older than 14 years of age and demographics and sexual 
behavior characteristics was studied, in addition to the variable defining the cohort. 
Only characteristics available from both surveys were considered for inclusion in the 
model. Using a Poisson regression with robust error variance, we first calculated the 
crude prevalence ratio (PR). Next, we included the variables of interest to adjust for 
differences between the two surveys resulting in an adjusted PR (aPR). The analyses 
were performed for seroprevalence of any HPV type as well as type-specific. In addi-
tion, we stratified the analyses for men and women; we assumed that if herd effects 
on seroprevalence were to be observed this short after HPV vaccine introduction, this 
would be among men (first-order effect), in particular, younger males. Therefore, we 
looked also into the aPR for younger males (15–39 years of age).

Results

Study and participant characteristics
We tested 5,645 serum samples, with corresponding response rates of 13.2% for men 
and 18.4% for women from the 2016–17 survey, and 6,384 serum samples, with cor-
responding response rates 28.9% for men and 34.7% for women from the 2006–07, 
which were tested previously [10, 12]. Study characteristics were stratified for sex. 
In the 2016–17 survey, for both men and women, participants of 15 years and older 
were higher educated and had a higher net monthly income in comparison with both 
men and women in the 2006–07 survey. The mean age of sexual debut for people 
under 25 years of age was similar between the different surveys and sexes. However, 
age of sexual debut across all ages was lower in the 2016–17 survey compared with 
2006–07 survey, for both men and women. In addition, the percentage of partici-
pants reporting to have a current steady partner was lower in 2016–2017, while “the 
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number of sex partners in the last 6 months” and “ever having been diagnosed with 
a sexually transmitted disease (STD)” were higher in the 2016–17 survey compared 
with 2006–07 (Table 1).

Table 1: Sociodemographic and sexual behavior characteristics of participants aged 15 years and older 
without vaccination, with a blood sample for HPV IgG antibody determination in the Netherlands, by sex 
and survey.

Men Men Women Women

2006–07 2016–17 2006–07 2016–17

% (n) % (n) % (n) % (n)

Sociodemographic characteristic N = 1,937 N = 1,911 P N = 2,535 N = 2,415 P

Age group, years 

 15–19  6.87 (133)  5.67 (110)    6.51 (165)  1.98 (43)   

 20–24  7.12 (138)  10.36 (198)    8.92 (226)  4.93 (107)   

 25–29  6.50 (126)  9.00 (172)    8.76 (222)  9.36 (203)   

 30–39  14.97 (290)  15.07 (288)    16.76 (425)  20.2 (438)   

 40–49  14.51 (281)  13.55 (259)    14.20 (360)  18.44 (400)   

 50–59  15.07 (292)  14.49 (277)    16.65 (422)  16.74 (363)   

 60–69  18.79 (364)  16.27 (311)    17.16 (435)  16.04 (348)   

 70–79  16.15 (313)  12.55 (240)    11.05 (280)  10.01 (217)   

 80–89    2.93 (56)      2.31 (50)   

Educational levela      <0.0001      <0.0001 

 High  29.17 (565)  40.24 (769)    23.59 (598)  35.04 (760)   

 Middle  29.94 (580)  28.78 (550)    31.52 (799)  29.74 (645)   

 Low  39.34 (762)  25.64 (490)    43.35 (1,099)  28.82 (625)   

 Unknown  1.55 (30)  5.34 (102)    1.54 (39)  6.41 (139)   

Net monthly income      <0.0001      <0.0001 

 <850/<970  5.94 (115)  502 (96)    8.72 (221)  5.3 (115)   

 851–1,150/971–1,335  7.80 (151)  6.65 (127)    9.47 (240)  9.04 (196)   

 1,151–1,750/1,356–1,969  19.00 (368)  11.93 (228)    17.87 (453)  14.66 (318)   

 1,751–3,050/1,970–3,314  32.27 (625)  28.52 (545)    25.68 (651)  29.28 (635)   

 3,051–3,500/3,315–3,500  7.02 (136)  8.16 (156)    6.11 (155)  6.69 (145)   

 >3,501  11.31 (219)  26.95 (515)    8.36 (212)  20.89 (453)   

 Unknown  16.68 (323)  12.77 (244)    23.79 (603)  14.15 (307)   

Ethnicity      0.0307      0.0018 

 Dutch  81.78 (1,584)  79.96 (1,528)    81.85 (2,075)  78.98 (1,713)   

 First-generation migrant  10.84 (210)  13.50 (258)    11.76 (298)  15.26 (331)   

 Second-generation migrant  7.38 (143)  6.54 (125)    6.39 (162)  5.76 (125)   
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Table 1: Continued

Men Men Women Women

2006–07 2016–17 2006–07 2016–17

% (n) % (n) % (n) % (n)

Sociodemographic characteristic N = 1,937 N = 1,911 P N = 2,535 N = 2,415 P

Smoking 

 Yes    48.77 (932)      43.11 (935)   

 No    42.96 (821)      47.76 (1,036)   

 Unknown    8.27 (158)      9.13 (198)   

Alcohol 

 Yes    76.35 (1,459)      64.04 (1,389)   

 No    14.70 (281)      26.09 (566)   

 Unknown    8.95 (171)      9.87 (214)   

BMI 

 <18.5    1.99 (38)      1.89 (41)   

 18.5–25    43.22 (826)      43.52 (944)   

 25–30    33.18 (634)      26.97 (585)   

 ≥30    10.52 (201)      14.98 (325)   

 Unknown    11.09 (212)      12.63 (274)   

Current steady partner      0.0005      <0.0001 

 Yes  79.50 (1,540)  77.60 (1,483)    75.31 (1,909)  77.04 (1,671)   

 No  19.05 (369)  19.05 (364)    22.72 (139)  18.86 (409)   

 Unknown  1.45 (28)  3.35 (64)    1.97 (50)  4.1 (89)   

Ever had sexual intercourse      <0.0001      <0.0001 

 Yes  89.93 (1,742)  91.63 (1,751)    90.49 (2,294)  95.67 (2,075)   

 No  6.87 (133)  8.37 (160)    5.48 (139)  4.33 (409)   

 Unknown  3.20 (62)  0.00 (0)    4.02 (102)  0.00   

Median age at sexual debut (<26 
years of age)  16.9  16.8    16.7  16.7   

Age at sexual debut      <0.0001      <0.0001 

 <17 years  12.80 (248)  18.32 (350)    17.32 (439)  24.57(533)   

 17–19 years  24.37 (472)  31.08 (594)    30.73 (779)  34.76 (754)   

 ≥20 years  31.96 (619)  28.57 (546)    27.14 (688)  24.85 (539)   

 Unknown  30.87 (598)  22.03 (421)    24.81 (629)  15.81 (343)   

Number of partners last 6 months      <0.0001      <0.0001 

 0  14.09 (273)  11.15 (213)    15.35 (389)  16.32 (354)   

 1–2 partners  62.36 (1,208)  68.13 (1,302)    60.79 (1,541)  67.31 (1,460)   

 >2 partners  0.98 (19)  2.30 (44)    0.79 (20)  0.83 (18)   

 Unknown  22.56 (437)  18.42 (352)    23.08 (585)  15.54 (337)   

Table 1: Continued

Men Men Women Women

2006–07 2016–17 2006–07 2016–17

% (n) % (n) % (n) % (n)

Sociodemographic characteristic N = 1,937 N = 1,911 P N = 2,535 N = 2,415 P
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HPV Seroprevalence
Age-specific seroprevalence and GMC in an unvaccinated population, by sex and 
survey

An increase in seroprevalence for any hr-HPV type was observed in women in the age 
cohort from 15–19 years old, which reflects the median age of sexual debut. In the 
2016–17 survey, seroprevalence for any type increased from 3.0% (10–14 years old) 
to 30.5% (20–24 years old) and 33.7% (25–29 years old) and peaked at 37.0% in the 
30–39 year old. The greatest rise was seen for HPV16 and HPV18. This increase in 
seroprevalence was much more gradual for men, and mainly in the 2006–07 survey 
was most pronounced for any hr-HPV type and HPV16 (Fig. 1). Samples sizes of age 
cohorts can be found in Table 1 and Supplementary Table S1. Low seroprevalences 
were observed in children 0–14 years of age in both sexes and surveys. In the 2016–17 
survey, the highest seroprevalences in children (0–14) were detected for HPV16 and 
HPV18 (Fig. 1).

Table 1: Continued

Men Men Women Women

2006–07 2016–17 2006–07 2016–17

% (n) % (n) % (n) % (n)

Sociodemographic characteristic N = 1,937 N = 1,911 P N = 2,535 N = 2,415 P

Lifetime sexual partners 

 1–2 partners    38.72 (740)      47.63 (1,033)   

 3–5 partners    21.04 (402)      23.19 (503)   

 6–9 partners    10.57 (202)      8.21 (178)   

 ≥10 partners    12.87 (246)      8.85 (192)   

 Unknown    16.80 (321)      12.13 (263)   

Condom use last time sex      <0.0001      <0.0001 

 Yes  8.00 (155)  14.08 (269)    7.65 (991)  13.05 (283)   

 No  56.01 (1,085)  69.65 (1,331)    53.25 (1,350)  73.95 (1,604)   

 Unknown  35.98 (697)  16.27 (311)    39.09 (991)  13 (282)   

Ever had sexually transmitted 
disease      0.0016      <0.0001 

 Yes  3.82 (74)  6.17 (118)    5.44 (138)  8.16 (177)   

 No  89.00 (1,724)  82.42 (1,575)    86.04 (2181)  79.07 (1,715)   

 Unknown  7.18 (139)  11.41 (218)    8.52 (216)  12.77 (277)   

a: Educational level was used for participants 0–11 years, active education was used for participants 12–25 years, 
and highest accomplished educational level was used for participants >25 years. Low, no education, primary 
school, prevocational education (VMBO), lower vocational education (LBO/MBO-1), lower general secondary 
education (MAVO/VMBO); Middle, intermediate/secondary vocational education (MBO-2–4), higher/senior 
vocational education (HAVO), preuniversity education (VWO/Gymnasium); High, higher professional educa-
tion (HBO), University BSc., University MSc., Doctorate; Missing, ethnicity n = 13.
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In the older female age groups, overall seroprevalence decreased from the age of 49 years 
onward in the 2006–07 survey and from 60–69 years onward in the 2016–17 survey. 
Age-specific higher seroprevalence for any hr-HPV type was observed in 2016–17 
compared with 2006–07, being significant in age groups 30–39 (P = 0.0108), 50–59 
(P = 0.0406), and 60–69 (P = 0.0056) years of age. A lower seroprevalence for any 
hr-HPV type was observed in the age group 10–14 (P = 0.0118) in 2016–17 com-
pared with 2006–07. In men, a lower age-specific seroprevalence for any hr-HPV type 
was observed in 2016–17 compared with 2006–07, being only significant in the age 
groups 10–14 (P = 0.0056). No significant difference was found for the age-specific 

Figure 1: Age-specific seroprevalence (%; with 95% CIs) of any high-risk type HPV IgG antibodies for men 
(A) and women (B), HPV 16 for men (C) and women (D), and HPV18 for men (E) and women (F) in the 
unvaccinated general population of the Netherlands.
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seroprevalence for any hr-HPV type excluding 16 and 18 in the age groups 10–14 and 
15–19 years of age between the two surveys, P = 0.091 and P = 0.1206, respectively.

Overall HPV seroprevalence from unvaccinated individuals 15 years and 
onward
Unvaccinated female participants older than 15 years of age showed significantly higher 
seroprevalence for any hr-HPV type in 2016–17 compared with 2006–07; 31.4% 
[95% confidence interval (CI), 29.1–33.7] and 25.2% (95% CI, 23.1–2.3), respec-
tively. For men from 15 years of age and older, seroprevalence for any hr-HPV type 
was similar between the 2006–07 and 2016–17 surveys; 19.7% (95% CI, 17.9–21.6) 
and 20.3% (95% CI, 18.4–22.1), respectively. In women, also seropositivity for one 
up to all seven types was significantly higher in 2016–17 and hr-type specific. Type-
specific HPV16, HPV18, HPV31, and HPV58 were higher in 2016–17 compared 
with 2006–07, which was also true for the combinations HPV16 and 18, HPV16 or 
18, and HPV16 and/or 18 (Table 2).

For men, this was true for the combination HPV16 or 18, positivity for more than 
two hr-HPV types and type-specific HPV18, 31, 33, 45, 52, and 58. For HPV16 
a lower seroprevalence was seen in 2016–17 (7.5%; 95% CI, 6.5–8.5) compared 
with 2006–07 (10.6%; 95% CI, 9.2–12.0). Just as for the combination HPV16 and 
18, HPV16 and/or HPV18 and positivity for more than one hr-HPV type (Table 
2). HPV16 was also most prevalent in both surveys, followed by HPV18, HPV45, 
and the rest of the types (Table 2). Only a very small percentage of the males were 
seropositive for all seven hr-HPV types, 0.6% and 0.3% for 2006–07 and 2016–17, 
respectively.

HPV type-specific antibody concentrations among seropositive individuals
The age-specific HPV16 GMCs of (natural) infection-induced seropositive women as 
well as of seropositive men were comparable in all age cohorts between both studies. 
No differences were found between the GMCs of the HPV16 and HPV18 seroposi-
tive individuals between 2006–07 and 2016–17 (Supplementary Fig. S3).

Risk factors for hr-HPV seropositivity
For women, the univariate analysis showed an association for HPV seropositivity for 
any hr-HPV type with middle educational level, being a first- or second-generation 
migrant, having a lower income, ever used alcohol, not having a steady partner, lower 
age of sexual debut, having more than two sexual partners last 6 months, history of 
reported STD, and having more than two sexual partners during lifetime. In the back-
ward selection model, low and middle educational level, first-generation migrants, 
more than two sexual partners during lifetime, and history of self-reported STDs 
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remained and were independently associated with seropositivity for any hr-HPV type 
(Table 3A and B). For men, the univariate analyses showed only an association of 
seropositivity for any hr-HPV type with history of self-reported STDs (Table 3A and 
B).

Pooled risk factor analysis associated with HPV seropositivity for the 
2006–07 and 2016–17 surveys
HPV seropositivity for any hr-HPV type for women from 15 years onward was 25.2% 
in 2006–07 and 31.4% in 2016–17. After pooling both surveys, and adjusting for 
demographic characteristics (age, sex, urbanization, education, income, ethnicity) and 
sexual risk factors (age of sexual debut, number of partners during the last 6 months, 

Table 2: Weighted seroprevalence, and corresponding 95% CIs, for seven high-risk HPV types and com-
binations in the total population of the Netherlands from 15 years of age without vaccination, stratified by 
sex and survey.

Total population 
from 15 years of age, 
without vaccination Men (2006–07) Men (2016–17)

Women 
(2006–07)

Women 
(2016–17)

(n = 1,937) (n = 1,916) P (n = 2,535) (n = 2,177) P

High-risk HPV types 

 HPV16  10.6 (9.2–12.0)  7.2 (6.2–8.2)  0.0000  11.9 (10.3–13.6)  15.8 (13.9–17.7)  0.0006 

 HPV18  7.2 (6.1–8.2)  5.0 (3.8–6.2)  0.0078  5.6 (4.7–6.4)  7.9 (6.7–9.1)  0.0006 

 HPV31  2.5 (1.7–3.4)  1.4 (0.9–1.9)  0.0158  3.3 (2.4–4.2)  5.2 (4.1–6.3)  0.009 

 HPV33  6.0 (4.7–7.2)  5.4 (4.4–6.3)  0.4338  6.5 (5.5–7.6)  8.0 (6.3–9.7)  0.116 

 HPV45  6.8 (5.4–8.1)  9.6 (8.2–10.9)  0.0022  7.5 (6.2–8.9)  9.6 (8.2–10.9)  0.0304 

 HPV52  5.4 (4.4–6.3)  5.1 (4.1–6.0)  0.6576  6.9 (5.9–8.0)  8.7 (7.1–10.2)  0.0610 

 HPV58  3.7 (2.8–4.5)  3.0 (2.1–3.9)  0.2914  4.5 (3.6–5.3)  6.4 (5.2–7.5)  0.0052 

HPV combinations 

 HPV16 and 18  5.7 (4.9–6.6)  2.8 (2.0–3.6)  0.0000  3.6 (2.9–4.4)  4.8 (3.8–5.9)  0.0572 

 HPV16 or 18  6.3 (5.1–7.5)  6.6 (5.5–7.7)  0.7376  10.2 (8.8–11.6)  14.1 (12.4–15.7)  0.00040 

 HPV16 and/or 18  12.0 (10.6–13.5)  9.4 (8.2–10.5)  0.0026  13.8 (12.1–15.5)  18.9 (17.0–20.7)  0.0000 

 Positive for at least 1 
hr-HPV type  20.3 (18.4–22.1)  19.3 (17.7–21.0)  0.4378  25.2 (23.1–27.3)  30.1 (27.7–32.4)  0.0052 

 Positive for at least 
1 hr-HPV type, 
excluding HPV16 
and 18  13.6 (11.7–15.5)  15.3 (13.7–16.8)  0.1826  17.9 (16.0–19.8)  21.0 (18.9–23.2)  0.0234 

 Positive for more 
than 1 hr-HPV type  9.8 (8.8–10.8)  7.3 (6.0–8.7)  0.0066  10.4 (9.1–11.7)  14.4 (12.3–16.4)  0.0004 

 Positive for more 
than 2 hr-HPV types 5.2 (4.0–6.3)  4.3 (3.4–5.2)  0.2078  4.9 (3.9–6.0)  7.8 (6.4–9.3)  0.001 

 Positive for 7 hr-
HPV types  0.6 (0.2–0.9)  0.3 (0.0–0.5)  0.1686  0.3 (0.1–0.5)  0.7 (0.2–1.1)  0.1146 
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Table 3A: Risk factor analysis for any high-risk type HPV IgG seropositivity among sexually active and 
unvaccinated participants from 15 years of age in the Netherlands, by sex.

Males (n = 1,751) Univariate model Multivariate model

Risk factor OR 95% CI limits OR 95% CI limits

Age 

 15–19  Ref    Ref   

 20–24  0.60  0.18–2.01     

 25–29  0.68  0.21–2.26     

 30–39  0.98  0.31–3.08     

 40–49  0.94  0.30–2.99     

 50–59  1.04  0.33–3.29     

 60–69  1.01  0.32–3.16     

 70–79  0.94  0.30–3.00     

 80–89  0.93  0.25–3.46     

Educationa 

 High  Ref    Ref   

 Middle  0.86  0.61–1.20     

 Low  1.11  0.81–1.54     

 Unknown  0.81  0.44–1.46     

Net monthly incomeb 

 <850/<970  Ref    Ref   

 851–1,150/971–1,335  0.68  0.31–1.48     

 1,151–1,750/1,970–3,314  1.59  0.77–3.30     

 1,751–3,050/1,970–3,314  1.18  0.59–2.35     

 3,051–3,500/3,315–3,500  1.82  0.84–3.95     

 >3,501  1.17  0.59–2.32     

 Unknown  1.01  0.48–2.11     

Ethnicityc 

 Dutch  Ref    Ref   

 First-generation migrant  1.00  0.69–1.44     

 Second-generation migrant  0.78  0.42–1.45     

Smoking ever 

 No  Ref    Ref   

 Yes  0.95  0.72–1.25     

 Unknown  0.98  0.61–1.59     

Alcohol use 

 No  Ref    Ref   

 Yes  1.04  0.70–1.56     

 Unknown  0.92  0.53–1.61     



40

Chapter 2

Table 3A: Continued

Males (n = 1,751) Univariate model Multivariate model

Risk factor OR 95% CI limits OR 95% CI limits

BMI 

 <18.5  Ref    Ref   

 18.5–25  1.06  0.34–3.34     

 25–30  1.23  0.39–3.87     

 >30  0.88  0.26–2.93     

 Unknown  1.03  0.32–3.41     

Current steady partner 

 No  Ref    Ref   

 Yes  1.12  0.74–1.71     

 Unknown  1.08  0.47–2.49     

Age of sexual debut 

 <17 years  Ref    Ref   

 17–19 years  1.21  0.84–1.73     

 ≥20 years  0.86  0.58–1.27     

 Unknown  1.18  0.76–1.84     

History STD 

 No  Ref    Ref   

 Yes  1.70  1.11–2.61     

 Unknown  0.88  0.58–1.34     

Condom use 

 No  Ref    Ref   

 Yes  0.77  0.50–1.17     

 Unknown  0.76  0.46–1.26     

Partners last 6 months (sexual) 

 0  Ref    Ref   

 1–2  0.95  0.62–1.45     

 >2  0.84  0.37–1.91     

 Unknown  1.03  0.58–1.83     

Partners lifetime (sexual) 

 1–2  Ref    Ref   

 3–5  0.83  0.57- 1.21     

 6–9  0.97  0.62–1.50     

 >10  1.34  0.94–1.91     

 Unknown  1.45  0.92–2.28     
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Table 3B: Risk factor analysis for any high-risk type HPV IgG seropositivity among sexually active and 
unvaccinated participants from 15 years of age in the Netherlands, by sex.

Females (n = 2,075) Univariate model Multivariate model

Risk factor OR 95% CI limits OR 95% CI limits

Age 

 15–19  Ref    Ref   

 20–24  1.90  0.50–7.23     

 25–29  2.18  0.59–8.05     

 30–39  2.16  0.60–7.78     

 40–49  2.12  0.58–7.68     

 50–59  2.19  0.60–7.91     

 60–69  1.83  0.51–6.65     

 70–79  1.19  0.32–4.36     

 80–89  0.69  0.15–3.10     

Educationa 

 High  Ref    Ref   

 Middle  1.36  1.08–1.70  1.47  1.17–1.85 

 Low  1.10  0.88–1.38  1.40  1.09–1.78 

 Unknown  1.17  0.78–1.75  1.22  0.83–1.80 

Net monthly incomeb 

 <850/<970  Ref    Ref   

 851–1,150/971–1,335  1.14  0.75–1.73     

 1,151–1,750/1,970–3,314  0.93  0.62–1.39     

 1,751–3,050/1,970–3,314  0.68  0.46–0.98     

 3,051–3,500/3,315–3,500  0.45  0.28–0.73     

 >3,501  0.61  0.41–0.90     

 Unknown  0.73  0.48–1.10     

Ethnicityc 

 Dutch  Ref    Ref   

 First-generation migrant  2.27  1.83–2.81  2.47  1.97–3.10 

 Second-generation migrant  1.57  1.04–2.36  1.27  0.85–1.91 

Smoking ever 

 No  Ref    Ref   

 Yes  1.20  0.99–1.45     

 Unknown  1.49  1.07–2.06     

Alcohol use 

 No  Ref    Ref   

 Yes  1.29  1.03–1.62     

 Unknown  1.61  1.15–2.27     
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Table 3B: Continued

Females (n = 2,075) Univariate model Multivariate model

Risk factor OR 95% CI limits OR 95% CI limits

BMI 

 <18.5  Ref    Ref   

 18.5–25  1.07  0.52–2.20     

 25–30  1.16  0.56–2.40     

 >30  1.29  0.61–2.72     

 Unknown  1.38  0.65–2.91     

Current steady partner 

 No  Ref    Ref   

 Yes  0.71  0.59–0.90     

 Unknown  0.96  0.58–1.57     

Age of sexual debut 

 <17 years  Ref    Ref   

 17–19 years  0.77  0.61–0.95     

 ≥20 years  0.52  0.0–0.67     

 Unknown  0.79  0.58–1.07     

History STD 

 No  Ref    Ref   

 Yes  2.92  2.27–3.77  1.54  1.18–2.01 

 Unknown  1.22  0.93–1.60  1.04  0.74–1.47 

Condom use 

 No  Ref    Ref   

 Yes  1.07  0.82–1.40     

 Unknown  0.88  0.62–1.26     

Partners last 6 months (sexual) 

 0  Ref    Ref   

 1–2  0.92  0.73–1.17     

 >2  3.03  1.58–5.78     

 Unknown  0.91  0.64–1.29     

Partners lifetime (sexual) 

 1–2  Ref    Ref   

 3–5  2.22  1.75–2.81  2.03  1.60–2.59 

 6–9  3.71  2.80–4.90  3.47  2.58–4.67 

 >10  6.93  5.30–9.06  6.23  4.68–8.29 

 Unknown  2.72  1.93–3.83  2.55  1.66–3.93 

Note: Boldface text indicates that the OR is significant. a: According to definition of CBS in 2018. b: Left 
2006–07 survey, right 2016–17 survey. c: Country of birth or country of birth of parents.
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history of STDs), this resulted in a smaller, but still significant, difference between 
2006–07 and 2016–17, (aPR 1.16; 95% CI, 1.02–1.32). Before adjustment of any 
variables, all seven hr-HPV types were significantly higher in 2016–17 compared with 
2006–07. However, after adjustment for the demographic characteristics and sexual 
risk factors, the differences remained only significant for HPV16 (aPR 1.29; 95% CI, 
1.07–1.55), HPV18 (aPR 1.31; 95% CI, 1.01–1.70), HPV31 (aPR 1.54; 95% CI, 
1.111–2.14), and HPV52 (aPR 1.27; 95% CI, 1.00–1.62; Table 4).

For men from 15 years onward, HPV seropositivity for any hr-HPV type was sig-
nificantly lower in 2016–17(18.2%) compared with 2006–07 (20.3%). After adjust-

Table 4: Pooled analysis of the 2006–7 and 2016–17 survey after adjustments for sociodemographic char-
acteristics.

Men Women

N = 3,493 N = 4,369

HPV seropositive, n (%) aPR (95% CI) HPV seropositive, n (%) aPR (95% CI)

Any HPV type 

 2006–2007  366 (21.0)  Ref  596 (26.0)  Ref 

 2016–2017  361 (20.6)  0.99 (0.83–1.17)  989 (33.1)  1.16 (1.02–1.32) 

HPV16 

 2006–2007  192 (11.0)  Ref  279 (12.2)  Ref 

 2016–2017  137 (7.8)  0.71 (0.55–0.91)  363 (17.5)  1.29 (1.07–1.55) 

HPV18 

 2006–2007  130 (7.5)  Ref  128 (5.6)  Ref 

 2016–2017  98 (5.6)  0.77 (0.57–1.05)  187 (9.0)  1.31 (1.01–1.70) 

HPV31 

 2006–2007  49 (2.8)  Ref  80 (3.5)  Ref 

 2016–2017  29 (1.7)  0.66 (0.38–1.12)  128 (6.2)  1.54 (1.11–2.14) 

HPV33 

 2006–2007  111 (6.4)  Ref  151 (6.6)  Ref 

 2016–2017  96 (5.5)  0.89 (0.65–1.22)  186 (9.0)  1.08 (0.84–1.38) 

HPV45 

 2006–2007  123 (7.1)  Ref  184 (8.0)  Ref 

 2016–2017  180 (10.3)  1.47 (1.13–1.92)  222 (10.7)  1.16 (0.92–1.45) 

HPV52 

 2006–2007  103 (5.9)  Ref  167 (7.3)  Ref 

 2016–2017  92 (5.3)  0.95 (0.68–1.32)  212 (10.2)  1.27 (1.00–1.62) 

HPV58 

 2006–2007  70 (4.0)  Ref  113 (4.9)  Ref 

 2016–2017  54 (3.1)  0.71 (0.47–1.06)  152 (7.3)  1.28 (0.96–1.70) 
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ment for the demographic characteristics and sexual risk factors, this did not remain 
significant (aPR 0.99; 95% CI, 0.83–1.17). Before adjustment, HPV16, HPV18, and 
HPV31 were significantly lower in 2016–17 compared with 2006–07 and HPV45 
was significantly higher in 2016–17 compared with 2006–07. This difference only 
remained significant for HPV16 after adjustment (aPR 0.71; 95% CI, 0.55–0.91; 
Table 4) and HPV45 (aPR 1.47; 95% CI, 1.13–1.92). Zooming in on men in the 
age cohort of 15–39, a nonsignificant decrease for HPV16 between 2006–07 and 
2016–17 was observed (aPR 0.84; 95% CI, 0.52–1.37).

Discussion

In this study, we assessed the (natural) infection-induced seroprevalence of seven hr-
HPV types in the Dutch population before and 6 to 7 years after the introduction of 
a girls-only bivalent HPV vaccination program, with an uptake varying over the years 
between 42% and 61%. Surprisingly, HPV seroprevalence in female age cohorts of 
15 years and older has increased in a 10-year time period, mainly due to a significant 
increase in HPV16, 18, 31, and 58. In men, however, seroprevalence for any hr-HPV 
type remained similar with a decreasing trend found for HPV16 and increasing trend 
for HPV45.

We restricted the analyses to unvaccinated individuals thereby estimating naturally 
acquired and cumulative type-specific HPV exposure. The increase in seroprevalence 
with age for women was in line with the age of sexual debut. The peak in HPV 
seropositivity was highest in women ages 30–39, which has been reported in other 
publications [13–15]. This peak in seroprevalence around 10 to 20 years after sexual 
debut might reflect repeated exposures resulting in a subsequent increase of the sero-
conversion rate to induce a detectable antibody response [16].

In the 2006–07 survey, the seroprevalence in middle-aged and older women declined 
at an earlier age than in the 2016–17 survey, where levels started to decrease from 70 
years and onward. In males, this decline in HPV seropositivity is not seen. The slight 
decrease of seropositivity observed in older women could be explained by waning of 
antibodies which was suggested by af Geijersstam and colleagues [4]. This would mean 
that seroprevalence is underestimating lifetime cumulative exposure. Alternatively, it 
could reflect a cohort effect, which is more likely as this effect is not seen in both sexes. 
Indeed, although age of sexual debut is similar, the sexual behavior pattern differs in 
the younger women having more lifetime sexual partners than the older women in 
this cohort [17].
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Hr-HPV antibodies, albeit at very low concentrations, could be detected in children, 
which confirm other population studies [10, 16]. These antibodies might be derived 
from vertical or horizontal transmission [18].

In both surveys, a lower seroprevalence is observed in males compared with women, 
which conform other population studies [10, 13, 15, 16, 19]. It is unlikely that the 
overall lower seroprevalence seen in males is due to lower infection rates, because 
males reported a significantly higher number of lifetime sexual partners compared 
with females in the 2016–17 cohort. HPV DNA prevalence studies showed similar 
results among both sexes [20, 21]. The fact that women display a higher seropreva-
lence then men is likely to be explained by the anatomic site of the HPV infection, 
influencing its immune response. Infections at the epithelium of the cervix and anal 
tract induce higher immune response in comparison with infections that occur at the 
keratinized epithelia, such as genital skin [22–25].

Seroprevalence for HPV16 was highest of all HPV types in both surveys, which 
is in accordance with other population studies [15, 16, 26–29]. In a 10-year time 
period, HPV type-specific seroprevalence for HPV16, 18, 31, and 58 has increased 
in the female population of 15 years and older in the Netherlands. In addition, being 
seropositive for one up to all seven types increased over the years. This is possibly 
explained by the observed change toward a higher number of sexual partners in the 
last 6 months and history of self-reported STDs in the 2016–17 survey compared 
with the 2006–07 survey.

The risk factor analysis was restricted to the HPV unvaccinated, sexually active 
population from 15 years onward and stratified for sex. For women several behavioral 
factors, such as number of lifetime partners, history of STDs, and ethnicity, were 
independently associated with HPV seropositivity, which was also found in other 
studies [10, 15, 30, 31]. Alcohol use and smoking were only associated with HPV 
seropositivity in the univariate model. This is especially interesting with respect to 
the current increased risk in HPV-associated head and neck cancers [32, 33]. In these 
studies, alcohol use is often allied together with tobacco use; however, in our study, we 
could not find an association with smoking or alcohol use in the multivariate model. 
Other studies find varying results, showing a negative association [29], a positive 
association [14, 34], or no association at all [35]. Thereby leaving the relation between 
smoking and HPV seropositivity unclear.

In the male part of our study, we only found history of self-reported STDs to be 
significantly associated with HPV seropositivity in the univariate analyses. In the 
backward selection model, this factor did not remain independently associated with 
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HPV seropositivity anymore. Comparison with other studies is challenging as most 
population studies combine men and women in their risk factor analysis. Studies in-
cluding separate male analysis reported a variety of associated factors. Most consistent 
findings were associations related to age [13, 31, 36–42], number of male anal sexual 
partners [30, 40, 41, 43], and [self-reported] circumcision [44]. Number of male anal 
sexual partners and [self-reported] circumcision were unfortunately not included in 
our questionnaire. In addition, some of these studies were performed among men who 
have sex with men, which is considered a high-risk population with specific behavior, 
complicating direct comparison.

Also after pooling both surveys and adjusting for demographic and sexual risk factors, 
the increase in HPV seroprevalence in women in the years after the introduction of 
the HPV vaccine remained significant.

An interesting finding is the decreased HPV16 seroprevalence between the two sur-
veys for the Dutch male population. Although this might be due to herd immunity 
of the girls-only vaccination program, among 15–39 year old men, we observed a 
not statistically significant decline, while they seem likely to be the first age groups 
benefitting from the girls-only vaccination. In the even younger age group of 10–14 
year old boys, we did find a difference between the two surveys for any hr-HPV type, 
but when excluding the vaccine types this difference was not significant anymore. This 
indicates that the. Albeit minor, difference in seroprevalence in the 10-year period was 
mainly attributable to the vaccine types. Please note that in this age group, the sero-
prevalences could not be adjusted as questionnaires including sexual behavior were 
only filled in by people above 15 years of age. In Australia, with high vaccine uptake 
percentages, herd protection impacts on seroprevalence in males (15–39 years of age) 
from a girls-only vaccination program were clearly shown 5 years after introduction 
of HPV vaccination [45]. Moreover, even a benefit for the nonvaccinated females 
was observed [46]. In contrast, no reduction was found in HPV seropositivity in 
males followed by a girls-only vaccination program in a study in the United States 
with comparable vaccination coverage in a girls-only program as in the Netherlands 
[47]. With a vaccination coverage of approximately 50% among vaccine-eligible girls 
in the Netherlands in 2016–17, herd effects on seroprevalence in the male part of 
the population might therefore be less pronounced. Nevertheless, in recent analysis 
among STI clinic visitors in the Netherlands, both first-order herd immunity effects 
among unvaccinated males as well as second-order herd immunity effects in unvac-
cinated women were found [48]. However, this was measured through infection rates 
where effects can be detected earlier than by seroprevalence.
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A strength of this study is that we compared two surveys with a broad age range, 
one before and one 6 to 7 years after introduction of the HPV vaccination program, 
thereby enabling us to evaluate this program at a population level. An additional 
strength of this study is that an identical methodology and antibody assay is used 
between the two surveys. It must be kept in mind that the VLP sources have changed 
over time and could possibly cause some variance, for which we corrected by using 
QC and bridging. Furthermore, this study used two-stage cluster sampling strategy, 
including oversampling of minorities [7, 8], therefore being representative of the total 
Dutch population.

The use of different techniques and associated cutoff levels hinders the comparison 
with other (population) studies. International standardization for all hr-HPV types, 
in addition to HPV16 and 18 which are applied in this study, could help to overcome 
this difficulty in future studies. Besides this, it could be argued that HPV seropositivity 
is not a conclusive marker for cumulative exposure. HPV has the capability to evade 
the host immune system and as a consequence, detectable HPV-specific antibodies in 
serum are only developed in approximately 50%–70% of HPV-infected individuals 
[22]. Thus, seroprevalence will underestimate the actual lifetime HPV exposure and 
infection rate. Moreover, it should be noted that questions regarding sexual behavior 
were among the least well completed. Self-reporting of sexual behavior could lead to 
bias due to social desirability and this was also illustrated by our risk factor analysis for 
some variables [e.g., a high unknown category].

HPV prophylactic vaccination programs are most effective when offered to nonsexu-
ally active preadolescents. In the Netherlands, the age of receiving the HPV vaccine is 
approximately 12 years old and recently the Health Council has advised to lower the 
age to 9 years. Our data support this change as HPV seropositivity begins to increase 
markedly after 10 years of age. In addition, the Health Council also advised to imple-
ment a sex-neutral HPV program which will be effective from 2021. On top of that, 
a catch-up vaccination will be offered to all young adults up to 26 years of age [49].

To conclude, our data showed that HPV infection-specific seroprevalence in women 
has increased in the Netherlands in a 10-year period. In men, however, seroprevalence 
for any hr-HPV type remained similar, a decrease was found for HPV16 and an 
increase for HPV45. Whether the decline in HPV16 is a first sign of a herd effect 
remains uncertain because a less pronounced effect was observed in men ages 15–39 
years of age, where we would have expected that a herd effect would be visible first. 
Future seroprevalence studies will be interesting to capture the effect of a longer 
follow-up period after introduction of the girls-only program and possibly effects of 
the sex-neutral vaccination.
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Supplementary data

Figure 1: Age-specific seroprevalence (%) (with 95% confidence intervals) of HPV31(a), 33(b), 45(c), 
52(d) and 58(e) in the unvaccinated male population of the Netherlands.
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Figure 2: Age-specific seroprevalence (%) (with 95% confidence intervals) of HPV31(a), 33(b), 45(c), 
52(d) and 58(e) in the unvaccinated female population of the Netherlands.
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Figure 3: Age-specific geometric mean concentration (GMC) (with 95% confidence intervals (CI)) of 
HPV16 antibodies in men (a) and women (b) and HPV18 in men (c) and women (d) in the Netherlands.

Supplementary Table 1: Sample sizes of the total population under 15 years of age without vaccination, 
by sex and survey

Total population under 
15 years of age, without 
vaccination

Men (2006-07)
N

Men (2016-17)
N

Women (2006-07)
N

Women (2016-17)
N

0 year 187 202 159 195

1-4 years 267 171 247 167

5-9 years 314 170 306 157

10-14 years 206 167 226 118
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ABSTRACT

The bivalent human papillomavirus (HPV) vaccine is highly effective and induces 
robust serological responses. Using a Dutch prospective cohort initiated in 2009, 
including 744 vaccinated and 294 unvaccinated girls (1993–1994) who provide a 
vaginal self-swab sample, serum sample, and questionnaire yearly, we report a high, 
persisting antibody response up to 9 years after vaccination for vaccine types HPV-16 
or HPV-18. Antibodies against nonvaccine HPV types 31, 33, 45, 52, and 58 were 
lower but still significantly higher than in unvaccinated individuals. This was also 
reflected in the seroprevalence. We compared participant characteristics and antibody 
levels between vaccinated women with and those without HPV infections 1 year before 
infection (204 incident and 64 persistent infections), but we observed no consistent 
difference in type-specific antibody levels. Having a high-risk HPV infection was as-
sociated with sexual risk behavior and smoking 1 year before infection. Although high 
antibody levels are necessary for protection, our study suggests that on the individual 
level other factors such as HPV exposure or antibody avidity could be important.
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Introduction

Human papillomavirus (HPV) is a common, sexually transmitted virus, of which 
some types can cause anogenital and/or oropharyngeal infections. A persistent infec-
tion with a high-risk HPV type can lead to the progression of malignancies at specific 
anatomic sites [1]. The most frequently observed cancer type associated with HPV 
in women is cervical cancer. In total, 99% of all cervical cancer cases are caused by 
HPV infections, with HPV-16 or HPV-18 (HPV-16/18) responsible for about 70% 
of cases [2]. To prevent persistent HPV infections and subsequent lesions, prophy-
lactic HPV vaccination was registered in 2006 with the ultimate goal of prevention 
of HPV-related cancers [3]. In 2010, the Netherlands implemented the bivalent 
vaccine into the National Immunization Program as a girls-only vaccine in a 3-dose 
schedule (0, 1, and 6 months), vaccinating girls in the year they reach age 13 years. 
Moreover, a catch-up campaign was initiated for birth cohorts 1993–1996 in 2009 
(ie, 13–16-year-olds) [4]. From 2014, the Netherlands shifted to a 2-dose schedule 
(starting with birth cohort 2001).

Vaccine effectiveness (VE) of the bivalent vaccine against HPV-16/18 infections is 
high, with VE estimates >90% [5, 6]. Moreover, in the Dutch cohort described in 
this article, high VE estimates have been reported, with very few infections among 
vaccinated individuals [7]. Furthermore, for multiple nonvaccine types, varying rates 
of cross-protection against infections have been found [5, 8–10], and clinical trials 
and, more recently, population-based studies have demonstrated the effect of HPV-
16/18 vaccination on cervical intraepithelial neoplasia and prestages of invasive cancer 
[11–14]. In addition, HPV vaccination induces robust serological responses [12, 15, 
16], which are generally high and can be 100-fold higher compared with naturally 
elicited antibodies. Among vaccinated individuals the seroconversion rate is high for 
vaccine types (95%–100%), whereas a measurable immune response only occurs in 
40%–60% of naturally infected individuals [17].

Even though high antibody levels are considered to be important for protection, a 
correlate of protection for HPV is lacking [18]. The observed high VE against vac-
cine types (HPV-16/18) is impeding this search, although at the infection level some 
breakthrough cases occur. The current study aimed to explore the longitudinal rela-
tionship between antibody response against HPV types 16, 18, 31, 33, 45, 52, and 58 
and HPV DNA infections. We first describe antibody levels against these 7 high-risk 
HPV types in vaccinated and unvaccinated young women up to 9 years after vac-
cination with the bivalent vaccine in a 3-dose schedule. We then compare participant 
characteristics and antibody levels between vaccinated women with or without HPV 
DNA infections in the next year (infections with either vaccine [HPV-16/18], cross-
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protective [HPV-31/45], or nonvaccine [HPV-33/52/58] types) to assess whether 
higher antibody levels protect against infection.

Methods

Study Design
In 2009, the HPV Among Vaccinated And Non-vaccinated Adolescents (HAVANA) 
study was initiated as a prospective cohort study, as described elsewhere [4]. In short, 
9500 girls who were eligible for the catch-up campaign were randomly invited to par-
ticipate in the study in 2009. One month and each consecutive year after vaccination, 
a vaginal self-swab sample, a blood sample, a cervical secretion sample obtained using 
a tampon (optionally), and a questionnaire were collected. A voucher of 25 euros 
was provided after each year of participation. The HAVANA study was approved by 
the Medical Ethics Committee of the VU University Medical Centre (no. 2009/022) 
and was conducted according to the Declaration of Helsinki. Informed consent was 
required before participants could be included.

Laboratory Procedures - Serology
Blood was collected using a serum tube (Vacuette; Greiner Bio-One) and participants 
who were not able to visit a blood collection session were offered a self-sample set to 
obtain finger-prick blood at home resulting, in dried blood spot samples (Whatman 
903 Protein Saver Card) [19]. A viruslike particle (VLP)–based multiplex immunoas-
say was used to quantify type-specific HPV antibodies to types 16, 18, 31, 33, 45, 52, 
and 58 for both serum and dried blood spot samples. To analyze antibodies in the first 
7 years of follow-up, we used HPV VLPs produced by GSK (GlaxoSmithKline Bio-
logicals), and for the subsequent years we used VLPs donated by MSD (Merck Sharp 
& Dohme). VLPs were linked to 7 distinct color-coded fluorescent microspheres, and 
the multiplex immunoassay was performed as described elsewhere [19–21]. The HPV-
specific antibodies were analyzed using a Bioplex system 200 with Bioplex software 
(Bio-Rad Laboratories). For each analyte, median fluorescent intensity was converted 
to Luminex units (LU) per milliliter. We assumed samples to be seropositive at type-
specific cutoff levels determined previously [21]: 9, 13, 27, 11, 19, 14, and 31 LU/mL 
for HPV types 16, 18, 31, 33, 45, 52, and 58, respectively.

Laboratory Procedures - HPV DNA Detection and Genotyping
Vaginal self-samples were collected using a vaginal Viba-Brush (Rovers). After collec-
tion, samples were stored in 1 mL of phosphate-buffered saline at −20°C; 200 μL of 
the sample was used for DNA extraction with the MagNA Pure 96 DNA and Viral 
NA Small Volume Kit (Roche). The DNA was then eluted in 100 μL of elution buffer. 
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A 10-μL sample of DNA extract was used for HPV amplification, making use of the 
sensitive SPF10 primer sets [22]. To detect the amplified HPV DNA, a DNA enzyme-
linked immunoassay (HPV DEIA; DDL Diagnostic Laboratory) was applied. HPV 
DEIA–positive amplicons were then analyzed with a reverse line blot assay (HPV 
LiPA25; DDL Diagnostic Laboratory) to determine the genotype. Twenty-five HPV 
genotypes could be detected, including the following high-risk HPV types: 16, 18, 
31, 33, 35, 39, 45, 51, 52, 56, 58, and 59. Other HPV types that could be detected 
were 6, 11, 34, 40, 42, 43, 44, 53, 54, 66, 68, 70, 73, and 74 (of which types 53, 66, 
68, 70, and 73 are classified as possibly oncogenic) [23]. All vaginal self-swab samples 
collected in 2009 (n = 1152) were subjected to a quality check by testing for β-actin 
as a marker for the presence of human DNA. Because 99.3% were positive for β-actin 
this control was not routinely performed for the remaining years of follow-up.

Statistical Analysis
To be included for analyses, participants had to be either nonvaccinated or fully 
vaccinated according to the 3-dose schedule and could not been vaccinated before 
the baseline measurement was performed or after the first follow-up moment (ie, 
participants vaccinated after year 1 of follow-up). Participants were allowed to miss 
follow-up moments (not censored). Differences between vaccinated and unvaccinated 
participants in type-specific seroprevalence based on immunoglobulin G (IgG) were 
explored per year using a × 2 test. We also calculated geometric mean concentrations 
(GMCs) of serum antibodies. Differences between vaccination status groups were 
assessed per year by means of a t test on the log-transformed data, and trends over 
time within vaccination status group were studied using a linear mixed model.

We examined the association between demographic or sexual behavior characteristics 
1 year before infection and HPV infection (irrespective of persistence) among vac-
cinated participants. To be included, participants needed to be HPV DNA negative 
at the baseline measurement (before vaccination) for the 7 included high-risk HPV 
types. Using univariate generalized estimation equation logistics regression models 
with exchangeable correlation structure, we combined data of participants over time. 
The uninfected comprised individuals who were negative for all high-risk types, as 
determined per study year, and they were compared with participants infected with 
HPV 1 year before infection, either with vaccine or cross-protective types (types 16, 
18, 31, and 45, as defined by a significant type-specific VE in the current cohort [7]) 
or with nonvaccine types (types 33, 52, and 58). The year of follow-up was added to 
the model to adjust for the fluctuation related to time.

Baseline measurements were used to determine HPV DNA status but were not in-
cluded in these analyses, because participants were not vaccinated yet at baseline.  
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The association between log-transformed type-specific serum IgG and infection 
status in the next year was assessed as well, for incident and persistent infections 
in multilevel linear models with unstructured covariance matrix. Participants had to 
be baseline HPV DNA negative for the respective type. An incident HPV infection 
was defined as being HPV DNA negative in the previous year and being HPV DNA 
positive in the current year. A persistent infection was defined as being HPV DNA 
positive in ≥2 consecutive years. Random intercept at the participant level was added 
to the model. Again, year of follow-up was added to the model. Participants added 
to the uninfected group in years they were HPV negative for the respective type. The 
outcome was expressed as the GMC ratio with 95% confidence intervals for antibody 
levels before infection, comparing vaccinated participants without infection to those 
with infection. All analyses were conducted using SAS software (version 9.4).

Results

Study Population
Characteristics of the participants are described in Table 1. In total, 1038 participants 
with baseline measurement (of whom 71.7% were vaccinated) were included in the 
current analyses. Owing to loss to follow-up, the number of participants decreased 
to 514 in the ninth year after vaccination (of whom 76.7% were vaccinated). Among 
vaccinated participants we observed a total of 204 incident and 64 persistent infec-
tions for HPV types 16, 18, 31, 33, 45, 52, and 58, which were included in the 
type-specific analyses.

Immunogenicity
In all years after vaccination, a significant difference in seroprevalence was observed 
between vaccinated and unvaccinated participants for all HPV types (P < .001) (Table 
2). Seropositivity was 100% among vaccinated girls for vaccine types HPV-16 and 
HPV-18 directly after vaccination and remained at 99-100% up to 9 years after vac-
cination. Among the unvaccinated, these rates were only 9.7% and 4.8% for HPV-16 
and HPV-18, respectively, in the first year of follow-up, increasing to 20.8% and 9.3% 
in the last year. Moreover, for other HPV types (31, 33, 45, 52, and 58), remarkably 
higher seroprevalence was observed among vaccinated girls (up to 92.9% at 2 years 
after vaccination for HPV-45) compared with unvaccinated participants in the same 
time frame (11.8% for HPV-45).

Prevaccination GMCs were comparable between vaccinated and unvaccinated partici-
pants (P > .05) (Figure 1). Thereafter, significant differences (P < .05) were observed 
between vaccinated and unvaccinated participants for all types at all time points. 
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Among vaccinated participants, antibodies against vaccine types HPV-16/18 showed 
a peak after vaccination (GMC, 3215 and 1680 LU/mL for HPV-16 and HPV-18, 
respectively) followed by a significant decline 3 years after vaccination (GMC, 1617 
and 520 LU/mL). GMCs remained high and more or less stable up to 9 years after 
vaccination (GMC at 9 years, 1462 and 582 LU/mL). IgG antibody levels against 
other HPV types among vaccinated participants were considerably lower compared 
with vaccine types (range, 11–97 LU/mL), but still significantly higher than in unvac-
cinated participants. Antibody levels against cross-protective type HPV-45 displayed 

Figure 1: Geometric mean antibody concentrations of immunoglobulin G (IgG) against 7 human papil-
lomavirus (HPV) types among unvaccinated (A) and fully vaccinated (B) participants.
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the highest overall concentration. In addition, after a peak following vaccination, 
the GMCs of other HPV types remained stable in the postvaccination follow-up 
period. Among unvaccinated girls, antibody concentrations increased over time from 
0.6 to 5.1 LU/mL but remained far beneath the levels observed among vaccinated 
participants. 

Characteristics and Antibody Levels 1 Year Before Infection
Risk factors for contracting a vaccine/cross-protective or nonvaccine HPV type infec-
tion 1 year before infection are depicted in Table 3 and include smoking (both current 
smoking and any history of smoking) and characteristics related to sexual behavior. 
No substantial differences in risk factors were observed between infections with HPV 
types 16, 18, 31, or 45, and those with types 33, 52, or 58, although the association 
between smoking behavior and infection was stronger for vaccine and cross-protective 
type infections than for infections with other HPV types. However, because multi-
variable analyses could not be performed due to small numbers, we could not exclude 
a possible confounding effect of sexual behavior in this association.

There were no consistent significant differences in IgG antibody levels 1 year before 
infection between vaccinated individuals with or without an infection in the next year 
(Figure 2) for vaccine or cross-protective types. However, we did find significant differ-
ences for nonvaccine type HPV-52 (Figure 3). GMC ratios of 1.57 (95% confidence 
interval, 1.33–1.87) and 2.09 (1.63–2.70) were observed for incident and persistent 
infections, respectively, showing higher antibody levels in uninfected than in infected 
individuals in the year before infection. GMC ratios did not show a consistent pattern 
across HPV types or across incident and persistent infections. In a sensitivity analysis 
on incidence infections, we excluded the infections that turned out to be persistent. 
However, this did not change the results (data not shown).
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Table 3: Risk Factors for Contracting Human Papillomavirus (HPV) Infection in the Next Year Among 
Vaccinated Women, Stratified by Vaccine or Cross-Protective Versus Nonvaccine HPV Types

Risk Factor OR (95% CI) 1 y Before Infection

Vaccine or Cross-Protective HPV Types (16, 
18, 31, and 45)

Nonvaccine HPV Types (33, 52, 
and 58)

Urbanization     

 High  Reference   Reference  

 Low  1.8 (.4–7.9)  0.8 (.4–1.5) 

Ethnicity     

 Dutch  Reference   Reference  

 Other  0.7 (.3–1.8)   1.4 (.8–2.3) 

Education     

 High  Reference   Reference  

 Low  1.2 (.6–2.2)  1.0 (.7–1.6) 

Any history of smoking     

 No  Reference   Reference  

 Yes  3.9 (2.0–7.5)  2.1 (1.4–3.0) 

Current smoker     

 No  Reference   Reference  

 Yes  2.6 (1.4–4.7)  1.6 (1.1–2.4) 

Any history of using 
contraception  

   

 No  Reference   Reference  

 Yes  2.6 (.9–7.3)  4.8 (1.8–13.2) 

Any history of sexual activity     

 No  Reference  Reference  

 Yes  6.4 (2.1–19.3)  4.6 (2.5–8.6) 

Age at sexual debut     

 ≥15 y  Reference   Reference  

 <15 y  0.8 (.3–2.0)  1.8 (1.1–2.9) 

Lifetime sexual partners, no.     

 0  Reference   Reference  

 1  3.6 (1.0–12.7)  2.4 (1.2–5.0) 

 ≥2  8.0 (2.6–24.7)  5.5 (2.9–10.7) 

Sexual partners in past 12 
mo, no. 

   

 0  Reference   Reference  

 1  3.7 (1.9–7.5)  2.3 (1.5–3.7) 

 ≥2  3.4 (1.5–8.1)  3.0 (1.8–5.1) 

Current steady partner     

 No  Reference   Reference  

 Yes  0.5 (.3–.9)  0.4 (.3–.6) 
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Table 3: Continued

Risk Factor OR (95% CI) 1 y Before Infection

Vaccine or Cross-Protective HPV Types (16, 
18, 31, and 45)

Nonvaccine HPV Types (33, 52, 
and 58)

STI diagnosed in past 12 mo     

 No  Reference   Reference  

 Yes  5.8 (2.5–13.2)  1.8 (.8–4.4) 

Round means: study year. After the baseline measurement, participants are followed over study years/rounds/years 
of follow up (post vaccination, in case of vaccinated individuals). High urbanization was defined as: very to mod-
erately urban (as opposed to low urban and country side). High educational level was defined as: higher general 
secondary education, pre-university education, university of applied sciences and university (as compared to Low/
middle educational level which included all other levels of education).

Figure 2: Antibody levels against HPV-16 (A), HPV-18 (B), HPV-31 (C), and HPV-45 (D) among vac-
cinated individuals with infections (squares) and without infections (dots) in the subsequent year. Round 
means: study year. After the baseline measurement, participants are followed over study years/rounds/years 
of follow up (post vaccination, in case of vaccinated individuals).
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Discussion

We provided an overview of the effect of the bivalent HPV vaccine on serological 
response against vaccine types (HPV-16/18), cross-protective types (HPV-31/45) and 
nonvaccine types (HPV-33/52/58) up to 9 years after vaccination in a population-
based setting. We observed high geometric mean antibody concentrations up to 9 
years after vaccination against vaccine types and cross-protective types. In addition, we 
explored the longitudinal relationship between antibody response and HPV infections 
and showed that antibody levels among vaccinated individuals 1 year before infec-
tion were similar for those with or without type-specific HPV infections (with the 
exception of HPV-52 infection). As expected, only a few infections occurred among 
vaccinated individuals. We found indications that contracting an infection in the next 
year despite being vaccinated, was associated with smoking and sexual risk behavior.

As expected, HPV seroprevalence was high among vaccinated participants and 
amounted to 100% for vaccine types 1 month after vaccination. Our data confirm 
clinical trial results reporting seropositivity rates up to 100% 9–10 years after vac-
cination [11, 24]. Among unvaccinated participants, seropositivity was considerably 
lower. However, rates among unvaccinated increased to 20% in the ninth year of 
follow-up. This is probably the result of increased exposure over time and is sup-
ported by increased self-reported sexual behavior as well as HPV DNA prevalence (as 
reported by Donken et al [7]).

Figure 3: Geometric mean concentration ratios with 95% confidence intervals 1 year before infection, by 
human papillomavirus (HPV) type, comparing noninfected vaccinated with infected vaccinated partici-
pants for incident (A) and persistent (B) infections. The absolute numbers of type-specific infections are 
given in parentheses.
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Serum IgG antibody concentrations against vaccine types remained high up to 9 years 
after vaccination in a population-based setting. Both clinical trials [11, 12] and data 
from the Finnish maternity cohort showed sustained antibody levels against vaccine 
types up to 12 years after vaccination with the bivalent vaccine [25]. Our study adds 
an overview of 5 other HPV types over time. For vaccine types HPV-16 and HPV-18, 
we observed a peak in antibody level 1 year after vaccination and stable antibody levels 
thereafter with no sign for a significant decline in the near future. The same pattern 
was observed for HPV types 31, 33, 45, 52, and 58, although at a lower level, with 
cross-protective type HPV-45 presenting the highest concentration. This is in line 
with the cross-protection that was observed earlier in this cohort for HPV types 31, 
33, and 45 [7]. GMCs of vaccinated participants against all HPV types remained 
significantly above those from unvaccinated participants.

Because a correlate of protection is lacking, it remains difficult to interpret antibody 
concentrations with regard to protection or effectiveness [18]. This was also shown 
by our further analyses, in which we studied whether vaccinated, infected individuals 
already have lower antibody levels before the infection is established, making them 
more prone to infection. An association between preinfection GMC and infection 
status for vaccine types or cross-protective types was not found although the number 
of infections was possibly too low to expect this. For HPV-52 we did find an as-
sociation, but because this is not a vaccine type or a cross-protective type, this does 
not explain the supposed relationship between vaccine-derived antibody levels and 
protection. Perhaps an association for HPV-52 could be more easily detected owing to 
more infections and a relative low antibody response compared with the other types.

Overall, high antibody levels and, especially, neutralizing antibodies are considered 
indicative of protection [26]. Our assay quantifies antibodies directed against the 
L1 VLP in a type-specific way but is not restricted to neutralizing antibodies [26, 
27]. This suggests that quality of antibodies, instead of quantity, could be relevant in 
determining the level of protectiveness; as was earlier proposed by Scherpenisse and 
colleagues [28], accumulated binding strength/affinity of antibodies (avidity) could be 
used as a marker for this. Moreover, earlier studies also suggested that local immune 
responses (antibodies at the site of entry, ie, the cervix) could be important to consider 
[29]. Previous research showed that correlations between serum and cervical secretion 
sample antibody levels exist [30, 31], suggesting that comparable patterns could be ex-
pected. More recently, van der Weele et al [32] showed that HPV-16/18 breakthrough 
infections among vaccinated participants in the HAVANA cohort had significantly 
lower viral load values than HPV-16/18 infections in unvaccinated young women.
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These findings could indicate that the vaccine-induced antibody response results in 
a reduction in viral load in breakthrough vaccine-type infections. This might lead to 
limited capacity of the virus to cause a persistent infection, possibly via the action of 
neutralizing antibodies. Finally, we hypothesize that antibody concentrations rising 
above certain levels or physiological maxima could have no further increasing value 
with regard to protection or immunity [18]; if this is the case, other discriminating 
factors, such cell-mediated immunity or genetic host or pathogen factors, might play 
a role in who acquires an infection despite vaccination. To study this more closely, 
in-depth immune cell analyses could be performed on peripheral blood mononuclear 
cells from infected vaccinated participants, or HPV DNA from infections could be 
analyzed in more detail (eg, by sequencing).

The associations between sexual risk behavior and HPV infection among vaccinated 
participants 1 year before infection might suggest that higher exposure to HPV results 
in a higher chance of high-risk HPV infection, including HPV-16/18 and HPV-
31/45, despite vaccination. On the other hand, among visitors to Dutch sexually 
transmitted infection clinics, who represent a high-risk population, high VE has been 
reported as well [9]. Still, the proportion of risky sexual behavior could be more 
equally distributed across vaccinated and unvaccinated individuals in sexually trans-
mitted infection clinics, resulting in high VE estimates. Furthermore, the observed 
association with smoking might be a proxy for more overall risky behavior resulting 
in higher exposure or could be related to an impaired immune response. Comparable 
risk factors were found among individuals infected with HPV types 16, 18, 31, or 
45 and those infected with types 33, 52, or 58, although odds ratios for smoking 
were slightly higher among individuals infected with vaccine or cross-protective HPV 
types. An earlier pilot study found that smoking did not affect geometric mean titers 
after bivalent HPV vaccination but increased the risk of having low-avidity antibodies 
after vaccination [33]. Moreover, among unvaccinated young women, an impaired 
immune response after natural HPV infection due to smoking was suggested [34].

Strengths of the current study include the long follow-up time in a large population-
based cohort; we did lose participants over time, but our cohort still has enough 
power to provide insight into the effects of the bivalent vaccine on the Dutch female 
population. Despite the yearly provided incentive, which could possibly lead to an 
included population with lower socioeconomic status, girls in this cohort were less 
likely to be second-generation migrants and were more highly educated than the 
general population. Therefore, we think that the effect of this possible bias on our 
estimates of immunogenicity of the vaccine is limited [4, 35]. We do acknowledge 
some limitations of the current study. The first is the limited number of (type-specific) 
HPV infections with regard to analyses. The high VE estimates are very reassuring [7] 
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but decreased the power to detect differences 1 year before infection in our analyses. 
Another challenge remains in the detection of infections; it could not be determined 
whether detected infections represent active infection of the cervix or the transient 
presence of HPV DNA in the lower genital tract. Furthermore, we did not have 
information on the exact timing of infection acquisition.

In conclusion, we observed high serum IgG antibody responses against vaccine types 
up to 9 years after vaccination, in a population-based setting among thrice-vaccinated 
girls from a catch-up campaign. Although antibody concentrations remain an impor-
tant monitoring tool at population level, the question remains how insightful they 
are at an individual level, as long as a cutoff for protection is lacking and infections 
still occur despite high antibody levels. For future studies, it remains important to 
monitor vaccine responses but also failures, to see how infections occur and whether 
they can still induce lesions. In this respect, other factors such as antibody avidity 
and local antibodies at the site of infection, degree of HPV exposure, and possibly 
immune-related factors could also be interesting to take into account when evaluating 
HPV vaccines.
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ABSTRACT

The licensed HPV vaccines are highly efficacious and induce high levels of neutral-
izing antibody levels, the assumed mediators of protection. However, a correlate of 
protection against HPV is lacking, and the evidence is still limited as to long-term 
persistence of antibodies, especially following reduced dosing schedules. The World 
Health Organization (WHO) urges immunization of young girls as part of the strat-
egy to eliminate cervical cancer, thus long-lasting protection is required. The current 
review describes long-term follow-up regarding vaccine-induced seropositivity and 
antibody level development following the different vaccines and dosing schedules. 
Implications and opportunities of long-term vaccine-induced immune responses are 
discussed, such as the gaps in monitoring of long-term immunogenicity, the pos-
sibilities of reduced dosing schedules, and the importance of evidence for durable 
immunity.
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Introduction

The human and non-human papillomaviruses can be subdivided into genera. This 
review focusses on human papillomavirus (HPV) types from the alpha-genus, which 
are able to infect the human genital tract where they may cause disease [1]. Within this 
genus, high-risk (hr) and low-risk (lr) types can be distinguished; when hrHPV type 
infections persist, they have the potential to cause the development of cervical (pre-) 
cancer, whereas lrHPV types are associated with anogenital warts [2,3]. However, the 
vast majority of the infections are asymptomatic and clear spontaneously.

HPV is a very common sexually transmitted infection with an estimated cumula-
tive lifetime risk of 80% in Western countries [4,5]. To prevent HPV infection and 
ultimately preclude the development of cervical cancer, prophylactic HPV vaccines 
have been developed. The first two were licensed in 2006 and 2007, respectively. The 
first is the bivalent vaccine (2vHPV), Cervarix®) [6], which targets the most important 
hrHPV types 16 and 18.The second is the quadrivalent vaccine (4vHPV), Gardasil® 
[7], which targets HPV types 6,11,16, and 18. In 2014, a vaccine targeting these four 
types plus five additional hrHPV types was licensed: the nonavalent vaccine (9vHPV), 
Gardasil9® [8]. In recent years, vaccine registration has been expanded to protection 
against non-cervical HPV-associated disease (including other anogenital cancers) and 
to males as well as females.

High efficacy of the HPV vaccines against cervical infections and lesions was shown 
by randomized controlled trials (RCTs), indicating protection up to 98% against 
virological and clinical endpoints caused by the targeted vaccine types [9]. These 
findings were reiterated in observational research following implementation of HPV 
vaccines in national immunization programs. For example, a large meta-analysis in 
high-income countries showed an 83% reduction of HPV16/18 prevalence among 
girls aged 13–19 y comparing pre- and post-vaccination implementation periods up 
to 8 y following implementation [10]. This reduction was likewise observed in field 
efficacy studies; in Australia, the prevalence of HPV16/18 was flat across age groups 
following vaccination [11], whereas in Sweden, a substantial risk reduction for cervical 
cancer was observed among vaccinated women [12]. Furthermore, HPV vaccines are 
known to be highly immunogenic able to provoke a solid systemic immune response, 
especially through the formation of antibodies [13]. Virtually all HPV-vaccinated 
individuals seroconvert [14] and RCTs found peak antibody levels in vaccinated 
individuals up to 100-fold higher compared to naturally infected individuals [15].

HPV vaccines can be provided according to a three-dose schedule (0,1–2, and 6 
months), currently recommended for those 15 y and above or two-dose schedule (0, 
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5–13 months), recommended for those 9–14 y of age. After the initial registration 
of the HPV vaccines according to three-dose schedules, new evidence implied that 
two doses induce protection equally well. The underlying concept is known as im-
munobridging: Efficacy against virological and clinical endpoints was first observed 
among 15–26-y-old women who were vaccinated three times. Among 9-to-14-y-old 
girls who were vaccinated twice, non-inferior serum antibody responses were observed 
as compared to the three-dose-vaccinated women. Immunobridging assumes the same 
efficacy can be expected in groups where non-inferior antibody responses are found. 
Hence, from 2014 onwards, two–dose schedules were approved and advised for young 
vaccine recipients by the Food and Drug Administration (FDA), European Medicines 
Agency (EMA), and World Health Organization (WHO) [6–8].

Registered HPV vaccines are prophylactic and thus provide optimal protection among 
HPV-naïve individuals. Since the prevalence of HPV infection starts to rise from the 
beginning of sexual activity, vaccination in young adolescence is preferable, feasible, 
and pursued in most countries where HPV vaccination has been implemented. For 
optimal benefit, the induced protection should ideally cover the entire life period 
of sexual activity. As of 2018, the WHO has committed to elimination of cervical 
cancer as a global health problem. To reach this goal, one of the targets proposed 
for countries is to have 90% of girls fully vaccinated against HPV by age 15 [16]. 
While neutralizing antibodies are the supposed primary mediators of the protection, 
the minimum level required for protection has not yet been established, nor has the 
duration of protection [17]. In this review, the current knowledge on long-term im-
munogenicity following HPV vaccines is described and the implications for global 
HPV reduction are discussed.

Measurement units and assays

We can roughly distinguish three types of assays that are commonly used in RCTs to 
evaluate HPV antibodies following vaccination: the pseudovirus-based neutralization 
assay (PBNA), competitive (epitope-specific) immunoassays (cLIA), and VLP-IgG 
binding assay (ELISA or MIA). The first is considered relevant for measuring the 
biological activity, whereas the cLIA reflects neutralizing activity with high affin-
ity. ELISA detects all antibodies regardless of neutralization [18]. Respectively, the 
methods require pseudovirions, type-specific monoclonal antibodies, and/or intact 
VLPs, and their quality affects the individual assay quality. WHO suggests PBNA 
was as the reference standard for assessing HPV-specific neutralizing antibodies. This 
method is very time-consuming and costly, but a recently developed high-throughput 
PBNA assay allows more assays to be processed sequentially and also has increased 
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sensitivity [19]. On the other hand, cLIA and ELISA/MIA are fast and suitable for 
high-throughput but, measure, respectively, a subset of total neutralizing antibodies 
and the total amount of HPV-specific antibodies.

Variations on these three assays are used in studies because reagents and assay stan-
dards are not always available and there are no official guidelines on methods for 
determining cutoffs. This use of varied techniques gives rise to variation in findings. 
For example, a comparison study showed that the PBNA is more sensitive than IgG-
cLIA for the detection of HPV16- and HPV18-neutralizing antibodies [20]. Another 
study indicated that assays showed reasonable correlation, but that improvement in 
correlation could be achieved by small alterations [21]. To overcome such problems, 
the International Unit (IU) measure has been established for HPV16 and 18. It should 
be used to express findings in order to facilitate comparability,18 but not all studies 
use standardized measurements, and the IU for hrHPV types other than 16 and 18 
has yet to be established.

Outcomes used to describe the immunogenicity of the HPV vaccines include the 
geometric mean concentration or titer (GMC/T), or the percentage of seropositives 
(i.e., number of study participants with an antibody level above a certain cutoff level). 
Both provide information on the long-term performance of the vaccine regarding 
stimulation of antibody production. Arbitrary study-specific cutoffs have been ap-
plied to determine seropositivity [13]. Additionally, antibody avidity can be used as a 
marker to express affinity maturation, i.e., how well an antibody binds to an antigen. 
This can for instance be measured with the chaotropic thiocyanate ion method in the 
ELISA/MIA assays [22,23]. Nevertheless, avidity is considered a crude marker for 
affinity maturation and should therefore be interpreted with caution.

Biological mechanisms underlying HPV vaccination

All three prophylactic HPV vaccines now on the market consist of virus-like particles 
(VLPs), although these are produced in various expression systems. Also, the vaccines 
differ in their adjuvant systems (Table 1). The VLPs resemble the L1 protein of HPV, 
the major capsid protein, which is morphologically indistinguishable from real HPV 
particles [24]. All the vaccines contain aluminum salts as an adjuvant to ensure a 
slow release of the antigen and activation of the innate immune system. However, the 
2vHPV vaccine uses the AS04 adjuvants system, which contains both aluminum salt 
and monophosphoryl lipid A (MPL), which is believed to activate the innate immune 
response [25].
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Table 1: Characteristics of the three available HPV VLP vaccines

  Cervarix® (bivalent) Gardasil® (quadrivalent) Gardasil9® (nonavalent)

Manufacturer GlaxoSmithKline 
Biologicals, SA

Merck Sharp & Dohme Merck Sharp & Dohme

VLP types 
included

HPV16 and 18 HPV6, 11, 16 and 18 HPV6, 11, 16, 18, 31, 33, 45, 52 and 58

Dose of L1 protein
 
 
 

20 μg (HPV16 and 18)
 
 
 

20 μg (HPV6 and 18),
40 μg (HPV11 and 16)
 
 

20 μg (HPV31, 33, 45, 52, 58),
30 μg (HPV6),
40 μg (HPV11 and 18),
60 μg (HPV16)

Registered for Boys and girls ≥9 yr. Boys and girls 9-26 yr. Boys and girls 9-26 yr.

Adjuvant 500 μg aluminium 
hydroxide and 50 μg 
3–0-deacylated-4′-
monophosphoryl lipid 
A (AS04)

225 μg aluminium 
hydroxyphosphate 
sulphate (AAHS)

500 μg aluminium hydroxyphosphate 
sulphate (AAHS)

Schedule
 

9-14 years of age: two 
doses (0, 5-13 months)
≥15 years of age: three 
doses (0,1,6 months)

9-13 years of age: two 
doses (0, 6 months)
≥14 years of age: three 
doses (0,2,6 months) 

9-14 years of age: two doses (0, 6 months)
≥15 years of age: three doses (0,2,6 
months)

In animal models, vaccination with L1 VLPs has been shown to induce neutralizing 
antibody levels and protection against an HPV infection [26]. After passive transfer 
of immune sera, naïve animals were protected against infection [17]. These findings 
were supportive of the general assumption that protection following HPV vaccination 
is primarily antibody-mediated. Even more supportive were trials in human partici-
pants, which showed high and durable, type-restricted titers of VLP antibodies after 
vaccination [22].

Naïve B- and T-cell activation is important in HPV antibody production. Upon 
entering the body, the VLP antigen part of the vaccine is bound to antigen-presenting 
cells (APCs). The antigen is then presented to T-cells, which have various functions 
and can differentiate into one of several T-cell lineages, including cytotoxic, T-helper, 
or memory T-cells. The T-helper cells in turn stimulate naive B-cells to become either 
plasma cells or memory B-cells [27]. Long-lived plasma cells (LLPC) are generated 
upon vaccination and secrete antigen-specific antibodies, thereby enabling the per-
sistence of circulating antibodies. However, circulating memory B-cells can be still 
detected after vaccination and could therefore also assist in a rapid recall when the 
HPV antigen is encountered again [28]. Thus, LLPCs, memory B- and T-cells are 
essential for establishing long-term protection, i.e., by inducing and maintaining high 
levels of neutralizing antibodies.

Neutralizing antibodies are the assumed mediators of protection following HPV vac-
cination. They can bind to a virion and prevent it from binding to a cell, thereby neu-
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tralizing the toxin. There are various isotype forms of antibodies, IgG and IgA, which 
can be further subdivided. After HPV vaccination the subclasses IgG1 and IgG3 are 
most frequently detected [17]. Serum antibodies are thought to arrive at the side 
of infection via exudate (antibody leak from a damaged blood vessel or membrane) 
and/or transudate (antibody transfer from the intravascular compartment due to an 
imbalance of hydrostatic or oncotic pressure or though antibody-transporting recep-
tors) to block HPV binding to the basement membrane [29]. To date, no correlate 
of protection has been established for HPV, as vaccine efficacy after HPV vaccination 
is high, with few breakthrough infections and hence few vaccinated individuals who 
are infected with vaccine types. This limits the opportunities to study which antibody 
levels are needed to give adequate protection. Also, studies might be biased by the dif-
ficulties in distinguishing rare breakthrough infections from emergence of prevalent 
infection at the time of vaccination or reactivation of latent infection [30].

Unvaccinated individuals acquiring an HPV infection can likewise develop an im-
mune response. However, detectable antibody levels are not always present after a 
natural infection (not everyone seroconverts), and it is not known whether a previous 
infection protects against subsequent exposure to the same HPV type [31]. Nonethe-
less, GMC/Ts reached among naturally infected individuals can provide benchmarks 
for the evaluation of antibody levels after vaccination [32].

Long-term immune responses following three doses of  HPV 
vaccination

Seropositivity rates
Given the initial registration for HPV vaccination, the longest follow-up has been 
reported in studies adhering to this schedule. In Table 2, an overview is given of 
RCTs conducted for the three different vaccines with follow-up of seropositivity rates. 
Diverse study populations have been included, both younger and older age groups 
and women and men. For all three vaccines, follow-up was at least 7.5 y, and the 
longest was 14 y for the 4vHPV vaccine. ELISA and cLIA were the assays commonly 
used to assess antibody levels. Although high seroprevalence rates were maintained, 
a slight decline was observed with increased follow-up, notably for HPV18 after 
4vHPV (47.9% seropositive after 4 y) [44]. Previous research indicated a decline in 
seropositivity for HPV18 after 4vHPV vaccination, but no breakthrough infections/
lesions were reported [48]. However, follow-up may have been too short and statisti-
cal power too limited to fully examine this.
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Table 2: Long-term seropositivity and geometric mean concentration (GMC) following three doses of 
HPV vaccination (in RCTs) [33–47].

Vaccine Study and population 
(age at vaccination)

Immunogenicity endpoint: 
percentage seropositive

Immunogenicity 
endpoint: GMC/T

Techniques Follow-
up

2vHPV
 

NCT00309166

♂ 10-14y

HPV16 100%
HPV18 100%

27891.6 EU/mL
10593.7 EU/mL

ELISA 7m

   

 
 
 
 
 
 

VIVIANE

♀ >25y to at least 46y
 
 

26-35y: HPV16 100%
 HPV18 98.0%
36-45y: HPV16 100%
 HPV18 97.1%
>45y: HPV16 95.7%
 HPV18 93.3%

n.a.
 
 
 
 
 

ELISA 7y
   
   
   
   
   

 
 

CVT

♀ 18-25y

HPV16 100%
HPV18 100%

716 EU/mL
322 EU/mL

ELISA 7y

   

 
 

HPV001/007/023

♀ 15-25y

HPV16 100%
HPV18 100%

n.a.
 

ELISA 9.4y

   

 
 
 
 

NCT00196924

♀ 10-14y

HPV16 100%
HPV18 100%
HPV-31 87.7%
HPV-45 85.1%

1589.9 EU/mL
597.2 EU/mL
242.9 EU/mL
204.7 EU/mL

ELISA 10y

   
   
   

 
 
 
 
 
 

NCT00196937

♀ 15-55y
 
 

15-25y: HPV16 100%
 HPV18 99.2%
26-45y: HPV16 99.2%
 HPV18 93.7%
46-55y: HPV16 96.3%
 HPV18 83.3%

965.4 EU/mL
321.1 EU/mL
334.4 EU/mL
115.4 EU/mL
157.4 EU/mL
69.7 EU/mL

ELISA 10y

   
   
   
   
   

4vHPV
 
 
 

MAM study

♂ 27-45y

HPV06 100%
HPV11 100%
HPV16 100%
HPV18 100%

419.5 mMu/mL
516.6 mMu/mL
2228.6 mMu/mL
300.0 mMu/mL

cLIA 7m

   
   
   

 
 
 
 

NCT00090285

♂ 16-26y

HPV06 88.9%
HPV11 94.0%
HPV16 97.9%
HPV18 57.0%

71.5 mMu/mL
82.6 mMu/mL
293.3 mMu/mL
33.1 mMu/mL

cLIA 3y

   
   
   

 
 
 
 

NCT00090220

♀ 24-45y

HPV06 91.5%
HPV11 92.0%
HPV16 97.4%
HPV18 47.9%

61.0 mMu/mL
66.0 mMu/mL
202.0 mMu/mL
23.0 mMu/mL

cLIA 4y

   
   
   

 
 
 
 
 
 
 
 

V501-018

♀ ♂ 9-16y
 
 
 

9-12y: HPV06 90.1%
 HPV11 89.7%
 HPV16 97.0%
 HPV18 90.1%
13-16y: HPV06 86.8%
 HPV11 86.8%
 HPV16 94.0%
 HPV18 86.8%

91.4 mMu/mL
78.7 mMu/mL
336.4 mMu/mL
41.0 mMu/mL
76.9 mMu/mL
66.9 mMu/mL
289.4 mMu/mL
28.9 mMu/mL

cLIA 10.5y

   
   
   
   
   
   
   

 
 
 
 

FUTURE(I/II)

♀ 16-23y

HPV06 90.6%
HPV11 91.1%
HPV16 98.3%
HPV18 52.4%

78.4 mMu/mL
66.8 mMu/mL
291.2 mMu/mL
26.1 mMu/mL

cLIA 14y
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Table 2: Continued

Vaccine Study and population 
(age at vaccination)

Immunogenicity endpoint: 
percentage seropositive

Immunogenicity 
endpoint: GMC/T

Techniques Follow-
up

9vHPV
 
 
 
 
 
 
 
 

V503-003, 
NCT01651949

♂ 16-26y
 
 
 
 
 

HPV06 99.6%
HPV11 100%
HPV16 100%
HPV18 99.9%
HPV31 100%
HPV33 100%
HPV45 99.8%
HPV52 100%
HPV58 100%

782.0 mMu/mL
616.7 mMu/mL
3346.0 mMu/mL
808.2 mMu/mL
708.5 mMu/mL
384.8 mMu/mL
235.6 mMu/mL
386.8 mMu/mL
509.8 mMu/mL

cLIA 7m
   
   
   
   
   
   
   
   

 
 
 
 
 
 
 
 
 

V503-002

♀ 9-15y
 
 

HPV06 98.5%
HPV11 99.3%
HPV16 99.8%
HPV18 94.5%
HPV31 99.3%
HPV33 98.5%
HPV45 93.8%
HPV52 99.0%
HPV58 99.0%

252.8 mMu/mL
145.8 mMu/mL
857.4 mMu/mL
167.8 mMu/mL
216.6 mMu/mL
94.1 mMu/mL
64.7 mMu/mL
109.6 mMu/mL
147.4 mMu/mL

cLIA 3y
   
   
   
   
   
   
   
   

 
 
 
 
 
 
 
 
 

V503-002

♂ 9-15y
 
 
 
 
 

HPV06 98.7%
HPV11 98.3%
HPV16 99.6%
HPV18 96.6%
HPV31 98.5%
HPV33 98.7%
HPV45 93.0%
HPV52 97.9%
HPV58 99.1%

262.7 mMu/mL
156.6 mMu/mL
944.1 mMu/mL
244.2 mMu/mL
246.3 mMu/mL
120.8 mMu/mL
76.7 mMu/mL
104.9 mMu/mL
170.9 mMu/mL

cLIA 3y
   
   
   
   
   
   
   
   

 
 
 
 
 
 
 
 
 

NCT00543543

♀ 16-26y
 
 
 
 
 

HPV06 95.0%
HPV11 95.5%
HPV16 100%
HPV18 77.5%
HPV31 96.3%
HPV33 96.5%
HPV45 81.1%
HPV52 91.0%
HPV58 92.4%

143.1 mMu/mL
82.9 mMu/mL
324.4 mMu/mL
62.5 mMu/mL
69.2 mMu/mL
44.7 mMu/mL
20.8 mMu/mL
33.7 mMu/mL
50.9 mMu/mL

cLIA 5y
   
   
   
   
   
   
   
   

 
 
 
 
 
 
 
 
 

V503-002; 
NCT00943722

♀ 9-15y
 
 
 
 
 

HPV06 94.0%
HPV11 91.1%
HPV16 99.5%
HPV18 96.8%
HPV31 95.9%
HPV33 95.0%
HPV45 92.4%
HPV52 96.8%
HPV58 98.6%

135.4 mMu/mL
87.8 mMu/mL
490.4 mMu/mL
150.0 mMu/mL
125.8 mMu/mL
65.3 mMu/mL
48.9 mMu/mL
69.7 mMu/mL
85.6 mMu/mL

cLIA 7.5y
   
   
   
   
   
   
   
   

 
 
 
 
 
 
 
 
 

V503-002; 
NCT00943722

♂ 9-15y
 
 
 
 
 

HPV06 88.2%
HPV11 90.4%
HPV16 99.5%
HPV18 96.1%
HPV31 96.1%
HPV33 92.8%
HPV45 96.0%
HPV52 92.8%
HPV58 98.5%

139.0 mMu/mL
94.6 mMu/mL
497.9 mMu/mL
161.4 mMu/mL
138.8 mMu/mL
76.7 mMu/mL
58.1 mMu/mL
63.8 mMu/mL
103.5 mMu/mL

cLIA 7.5y
   
   
   
   
   
   
   
   

n.a. = not available, geometric mean concentration or titer was not specified; EU = ELISA units; mMu = milli-
Merck units
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Long-term seropositivity appears to be higher when the vaccine is administered at a 
younger age as compared to older populations, especially those 25 y or older [43]. In 
general, males and females were comparable regarding achieved seropositivity rates, 
but small differences have been observed [46]. This might be due to different popula-
tions across studies or minor differences in immune response following vaccination 
[49]. The 2vHPV and 4vHPV vaccine also induce some cross-protection against 
non-targeted hrHPV types [50]. For example, after 2vHPV vaccination, seropositivity 
rates for HPV31 and HPV45 were slightly lower compared to the 9vHPV vaccine and 
were maintained until at least 10 y [42]. For the 4vHPV vaccine also, cross-protection 
for these types was observed, although seropositivity rates were slightly lower than for 
the 2vHPV vaccine [51,52].

Similar to RCTs, observational studies have been conducted to monitor the long-term 
immunogenicity following the implementation of HPV vaccination into national im-
munization programs. High seroprevalence for HPV16 and HPV18 up to 12 y after 
2vHPV vaccination was observed [30,53]. Also for cross-protective types HPV31, 33 
and 45, persisting seropositivity rates up to 12 y were reported [53]. For the 4vHPV 
vaccine, comparable vaccine-type immunogenicity following three doses was shown 
in observational studies [54] Regarding cross-reactivity, seropositivity rates were gen-
erally lower for non-vaccine types following 4vHPV compared to 2vHPV vaccination 
[55]. A 5-y observational follow-up study of the 9vHPV vaccine indicated long-term 
seropositivity for all types included in the vaccine, with patterns comparable to those 
in RCTs [56].

Antibody levels over time
Antibody levels against HPV16/18 and cross–protective types over time are reported 
from an observational cohort study in which 15–16-y-old girls received three doses 
of 2vHPV vaccination (Figure 1) [30]. An initial peak is observed, followed by a 
rapid, significant decline for the vaccine types between y 2 and 3 post-vaccination. 
Thereafter a more gradual antibody decline is observed as time progresses. Antibody 
levels against cross-protective types show a comparable pattern at a lower level. GMCs 
against HPV16 are higher than for other types from the start and remain so over time 
[30]. 

In Table 2, GMC/Ts from the RCTs are included if reported. Although various 
arbitrary measurement units were used, the pattern of antibody level develop-
ment for all the vaccines and HPV types is comparable to the one described above 
[42,45–47,57,58]. However, the initial decline in HPV18 following both the 4vHPV 
and 9vHPV vaccination seems more pronounced as measured by cLIA assay (less so 
in the total binding assay), which could also explain the observed faster decline in 
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seropositivity rates. Furthermore, there were small deviations between the 4vHPV and 
9vHPV vaccine that could be related to changes in the VLP concentration. Regarding 
cross-protective types, the observed responses are higher following 2vHPV compared 
to 4vHPV vaccination.59 In the first 7 months post-vaccination, the 2vHPV vaccine 
induced neutralizing HPV31/33/45/52/58 antibodies significantly more often and 
to higher levels than did the 4vHPV vaccine [52]. Neutralizing antibodies remained 
detectable up to at least 7–12 y post-vaccination, but with expected three- to fourfold 
higher titers after 2vHPV vaccination than 4vHPV vaccination [55,60]. Evidenced by 
clinical trial data, cross protection against HPV31 and HPV45 and subsequent lesions 
indeed seems to be higher following 2vHPV compared to 4vHPV vaccination [50], 
which could be due to the observed higher antibody levels.

Statistical modeling studies indicated that among young girls (10–14 y) receiving 
timely 2vHPV vaccination, durability of antibody levels above natural infection level 
was predicted to be 70.1 y for anti-HPV-16 and 78.8 y for anti-HPV–18, or even life-
long, depending on the model used.42 Another modeling study among older women 
receiving HPV vaccination (15–55 y) indicated that antibody levels after 2vHPV 
vaccination for vaccine types HPV16 and 18 would remain higher than after natural 
infection for up to 30 y. However, the age at which participants received vaccination 
was important, as with older age the predicted prolonged immune response decreased, 

Figure 1: Adapted from Hoes et al. [30] with 1 additional y of follow-up. Geometric mean concentration 
(GMC) of HPV16, 18, 31, 33, and 45 IgG before and every year after 3 doses of 2vHPV vaccination (de-
clining number of women due to loss-to-follow–up).
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probably due to lower initial antibody responses [43]. For the 4vHPV vaccine, the 
predicted GMTs up to 20 y after vaccination were also above the level induced by 
natural infection for anti-HPV-16 antibodies but below the natural infection level 
for anti-HPV–18 antibodies (among 18–45-y-olds). In general, longer durability of 
antibodies was predicted following 2vHPV than 4vHPV vaccination [61]. This is 
likely due to the high initial antibody levels after 2vHPV vaccination.

Some RCTs compared the different vaccines directly. In general, they showed that the 
2vHPV vaccine induces higher antibody responses for both HPV16 and 18 compared 
to the 4vHPV vaccine (up to threefold higher as measured by PBNA) [62,63], while 
9vHPV vaccination induced anti-HPV16/18 responses similar to the 4vHPV vaccine, 
as measured by cLIA [9,64]. Especially, the response against HPV18 differs between 
the 2vHPV and 4vHPV vaccine, as the 4vHPV vaccine was less immunogenic for 
HVP18 (shown in lower GMTs in the first year following vaccination) [62]. This 
difference persisted with increased follow-up [65]. A comparison trial between the 
2vHPV and 9vHPV vaccine is ongoing (NCT02834637).

Other immune parameters
Besides seroprevalence and antibody levels, other immune parameters may provide 
an indication of long-term protection following HPV vaccination. Research showed 
that avidity levels of antibodies against vaccine types increased with every dose of 
2vHPV vaccination, peaked after the third, and remained relatively constant up to 
3 y post-vaccination [66]. Nevertheless, a correlation between avidity and neutral-
izing antibody levels could not be established, suggesting that neutralizing activity of 
antibodies is relatively independent of their avidity (once a threshold level is reached 
following primary vaccination) [66]. Furthermore, a study comparing two and three 
doses of 2vHPV vaccination indicated no differences in avidity up to four and a half 
years post-vaccination [67], leaving the correlation between avidity and number of 
doses inconclusive.

Another parameter that is less well studied is cellular immunity following HPV vac-
cination. Research showed that both the 2vHPV and 4vHPV vaccines give an HPV-
specific memory B- and T-cell response [68,69] up to at least 4 y post-vaccination 
[63]. Age at vaccination was found to impact memory B-cell formation, whereas T-cell 
memory formation influenced by dose number but not by age of vaccination [70]. 
Recipients of the 2vHPV vaccine showed higher numbers of memory B-cells after vac-
cination compared to those receiving 4vHPV vaccine [63,71]. Likewise, for HPV31 
and HPV45 numbers of both memory T- and memory B-cells were detected up to 36 
months post-vaccination for the 2vHPV vaccine. Again, this level of cross-protection 
was higher for the 2vHPV compared to the 4vHPV vaccine [72]. Generally speaking, 
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although cell-mediated immune effectors provide information on the responsiveness 
to the vaccine, they do not directly indicate how well the vaccine protects or how 
long antibodies are maintained (which is due to the production by LLPCs) [22]. 
Nevertheless, further research on the long-term persistence of memory B- and T-cells 
could provide an indication for the sustainability of protection from disease, as is the 
case in hepatitis B studies [73].

Immune responses following fewer than three doses of  HPV 
vaccination

Non-inferiority of  the two-dose schedule
To compare immune responses for various dosing schedules, GMT/C ratios are often 
used (in combination with non-inferiority margins). For all three vaccines, RCTs 
comparing two (at the required 0-, >5-month interval)- and three-dose schedules have 
been conducted indicating non-inferiority of the two-dose schedule regarding the 
vaccine types (among girls aged 9–14 y) according to study-dependent cutoffs, when 
compared to a three-dose schedule (in women aged 15–26 y) [74–76]. The longest 
follow-up with direct comparison of doses was measured for the 4vHPV vaccine (up 
to 10 y post-vaccination), showing sustained immunogenicity for HPV6/11/16/18 
and steady seropositivity rates, following two doses [77]. However, a meta–analysis 
showed that, compared to three doses, two doses of the 4vHPV vaccine could produce 
an inferior antibody response for HPV18 within 18 months and, likewise, two doses 
of 2vHPV could produce an inferior responses for HPV16 within 2 y (again, women 
receiving three doses were older, at 15–26 y, than those receiving two doses, at 9–13 
y) [78]. Moreover, a study by Leung and colleagues compared the 2vHPV and 4vHPV 
vaccine in a two-dose schedule and found that, as with three doses, the 2vHPV vac-
cine elicits antibody responses that are up to sixfold higher for the vaccine types [65] 
compared to 4vHPV.

Antibody levels and the development of GMC/T over time are comparable following 
two doses and three doses of the same vaccine, at least for the first period (up to 
36 months) post–vaccination [75,76,79,80]. Among young girls (9–14 y) receiving 
two doses of 2vHPV vaccination, modeling studies predicted lifelong durability of 
antibody levels above natural infection level, comparable to the three-dose schedule 
[75]. No differences in avidity following a two-dose 2vHPV schedule were observed 
at months 7, 24 or 48 post-vaccination, suggesting that the quality of the antibody 
response in terms of avidity was similar in the two-dose recipients compared to three-
dose recipients [81]. Also following two doses, cross-protection against non-vaccine 
types can be observed. For the 2vHPV vaccine, similar antibody concentrations against 
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HPV31 and HPV45 were measured up to 5 y after both two and three doses of vacci-
nation [72]. For the 4vHPV vaccine, higher antibody concentrations against HPV31 
were observed up to 6 y after one-, two-, or three-dose-vaccination as compared to no 
vaccination, but this was not observed for other cross-protective serotypes [82]. This 
difference in antibody response against cross-protective types between vaccines might 
be due to the AS04 adjuvant system used in the 2vHPV vaccine, which is claimed to 
induce a broader immune response and may hence lead to higher antibody levels [51].

One-dose HPV vaccination
Besides RCTs, other prospective studies investigated optimal dosing schedules, 
including one-dose vaccination. This most reduced number of doses makes HPV 
vaccination cheaper and logistically more accessible, especially for low- and middle-
income countries. Nevertheless, one-dose delivery would require sufficiently high 
efficacy and long-term immunogenicity. Several studies have shown seropositivity for 
HPV16 and HPV18 following one-dose 2vHPV vaccination (up to 11 y of follow-
up), although antibody levels were lower compared to two or three doses [41,83]. 
With one-dose delivery of 4vHPV, avidity was non-inferior, and detectable concentra-
tions of neutralizing antibodies to all four vaccine-targeted HPV types were present, 
but at much lower concentration after one dose than after two/three doses (up to 6 
y of follow-up) and seropositivity rates decreased rapidly; however, protection from 
infection seemed comparable between dosing schedules [54,84,85]. Another study 
indicated that besides lower antibody levels following one-dose 2vHPV, also lower 
levels of memory B- and T-cells were measured. Altogether, these findings suggest that 
one-dose vaccine recipients are at higher risk of waning immunity [86]. Despite the 
potential of the one dose schedule, the trade-off between costs and accessibility on 
one side and the effectiveness and immunogenicity on the other should be considered 
carefully, especially regarding long-term protection.

Implications of  long-term HPV vaccine-induced 
immunogenicity

Long–term protection following HPV vaccination is important to prevent people 
from acquiring an HPV infection throughout their lives. Therefore, protection during 
sexually active life is desirable, as this reduces lifetime risk of HPV infection and 
subsequent disease, and supports the WHO goal to eliminate cervical cancer [16]. 
If protection following vaccination persists for a limited amount of time, the peak 
prevalence of HPV infections may shift toward older age, influencing the outcomes of 
and the need for secondary prevention (i.e., screening) of cervical cancer. The pattern 
in which HPV prevalence peaks and thus protection is needed might differ geographi-
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cally, causing the HPV burden to be unequally distributed across countries. In higher 
income countries, the HPV infection prevalence peaks between 20 and 25 y of age 
and is followed by a decline and finally a plateau in prevalence [87]. However, a large 
meta–analysis including 1 million women with normal cytology from all over the 
world indicated that HPV prevalence in less developed countries remains at a higher 
level following the initial peak. In some cases, a second peak can be observed around 
age 45-65, although the actual risk of developing cancer from these infections might 
be limited [88].

While a correlate of protection is still lacking for HPV, protection is assumed to 
be antibody-mediated. The three vaccines are very immunogenic and induce solid 
protection against HPV infections and cervical lesions [9], which could indicate that 
protection will last if there is a high and detectable immune response. In general, 
long-term follow-up studies align with regard to immunogenicity. Following all three 
vaccines, seropositivity rates for targeted vaccine types remain high up to at least 7.5 
y after vaccination, with few indications of waning. This finding is underscored by 
modeling studies and the development of GMC/Ts over time. Nevertheless, some 
decline of 4vHPV-induced antibodies against HPV18 is observed with all dosing 
schedules [44,78]. This could indicate an increased risk of waning immunity, although 
no supporting evidence in the form of breakthrough cases has been reported [48]. The 
observation does emphasize the importance of continued immunosurveillance and 
proper comparisons between vaccines, e.g., between 2vHPV, which induces the high-
est levels of cross protection, and 9vHPV, which provides broad-spectrum protection.

In Figure 2, the vaccines are summarized as to their dosing schedules and longest 
reported follow-up of immunogenicity. It shows that the current knowledge gaps 
mainly concern long-term follow-up of reduced dosing schedules and 9vHPV vac-
cine, all requiring further research. Despite the benefits of immunosurveillance over 
clinical surveillance (e.g., less invasive, easier to collect samples, especially from 
males), vaccine efficacy is often seen as most important outcome, with immunogenic-
ity outcomes considered separately [9]. Accordingly, research is needed to study the 
linkage between protection and observed immune responses over time, which can 
aid in our understanding of long-term efficacy following HPV vaccination. However, 
such research remains challenging due to the low number of breakthrough infec-
tions, the large confidence intervals around effectiveness estimates, and the variety in 
antibody levels among individuals [30]. In RCTs, prolonged or incidental follow-up 
of vaccine recipients with relatively low antibody response reveal the individual level 
of antibodies that must be achieved for protection.
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Vaccine uptake, age at vaccination, and the optimal dosing schedule remain critical 
research areas. Since HPV vaccination was introduced, uptake has remained behind 
in low- and middle-income countries, although they have the highest burden and 
minimal screening opportunities [90]. Even in high-income countries uptake has 
been suboptimal, possibly due to negative media attention or parental concerns [91]. 
Thus, increased effort is required to offer timely vaccination to young girls around 
the globe. Age of vaccination remains important, since vaccination at higher ages 
increases pre-vaccination HPV exposure risk. Moreover, the number of doses might 
affect GMT/Cs; more evidence is needed on the non-inferiority and long-term follow-
up of a one-dose schedule regarding both immunogenicity and effectiveness [92]. 
Besides RCTs in which some participants received one dose and virological endpoints 
were evaluated [41,93], there are ongoing comparison studies between two- and one-
dose recipients as to both non-inferiority of immune response and protection against 
clinical outcomes (NCT03180034 and NCT03675256, both focus on 2vHPV and 
9vHPV vaccination). Additionally, some early initiated studies will continue their 
follow-up and frequently report their findings [92] Evidence for or against one-dose 
vaccination, based on efficacy against persistent infection and immunogenicity as to 
targeted HPV types, will be available from the RCTs and other studies in the coming 
years, aiding in the evaluation and formal implementation of a one-dose schedule.

To conclude, long-term immunogenicity following HPV vaccination looks promis-
ing, with little indication for a decline. Future studies should focus on establishing a 
correlate of protection in order to optimize dosing schedules and to realize sustained 
protection through sexually active life. This will aid in reducing HPV infections and 
subsequent disease, with the ultimate goal of worldwide elimination of cervical cancer.

Figure 2: Longest reported follow-up time concerning antibody levels and/or seropositivity rate. Studies 
can be both RCT or observational. Stratified for HPV vaccine and dosing schedule [38,47,53,76,77,83,89].
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ABSTRACT

Background: Human papillomavirus (HPV) vaccination programs achieve substantial 
population-level impact, with effects extending beyond protection of vaccinated indi-
viduals. We assessed trends in HPV prevalence up to 8 years postvaccination among 
men and women in the Netherlands, where bivalent HPV vaccination, targeting HPV 
types 16/18, has been offered to (pre)adolescent girls since 2009 with moderate vac-
cination coverage.

Methods: We used data from the PASSYON study, a survey initiated in 2009 (prevac-
cination) and repeated biennially among 16- to 24-year-old visitors of sexual health 
centers. We studied genital HPV positivity from 2009 to 2017 among women, 
heterosexual men, and unvaccinated women using Poisson generalized estimating 
equation models, adjusted for individual- and population-level confounders. Trends 
were studied for 25 HPV types detected by the SPF10-LiPA25 platform.

Results: A total of 6354 women (64.7% self-reported unvaccinated) and 2414 het-
erosexual men were included. Percentual declines in vaccine types HPV-16/18 were 
observed for all women (12.6% per year [95% confidence interval {CI}, 10.6–14.5]), 
heterosexual men (13.0% per year [95% CI, 8.3–17.5]), and unvaccinated women 
(5.4% per year [95% CI, 2.9–7.8]). We observed significant declines in HPV-31 (all 
women and heterosexual men), HPV-45 (all women), and in all high-risk HPV types 
pooled (all women and heterosexual men). Significant increases were observed for 
HPV-56 (all women) and HPV-52 (unvaccinated women).

Conclusions: Our results provide evidence for first-order herd effects among hetero-
sexual men against HPV-16/18 and cross-protective types. Additionally, we show 
second-order herd effects against vaccine types among unvaccinated women. These 
results are promising regarding population-level and clinical impact of girls-only 
bivalent HPV vaccination in a country with moderate vaccine uptake.
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Introduction

Infections with human papillomavirus (HPV) are usually transient; however, persis-
tent infections may induce illness in the anogenital or oropharyngeal regions among 
men and women. Most common are warts, but persistent infections with a high-risk 
(hr) HPV type can also lead to various cancers [1]. From 2006 onward, 3 prophylactic 
vaccines have been registered for prevention of HPV-related (pre)cancers, all target-
ing the most oncogenic hrHPV types 16 and 18. The Netherlands has included the 
bivalent HPV (2vHPV) vaccine, targeting HPV-16/18, in its national immunization 
program. HPV-16/18 vaccination is offered to 12-year-old girls in the routine pro-
gram since 2010, after a one-off catch-up campaign in 2009 for 12- to 16-year-old 
girls (birth cohorts 1993–1996) [2]. So far, vaccine uptake among vaccine-eligible 
girls in the general population has fluctuated between 46% and 61% per year between 
2009 and 2017 [3].

Vaccine effectiveness of HPV-16/18 vaccination against (persistent) infection with 
vaccine and cross-protective HPV types has been shown in vaccine recipients rela-
tive to controls [4, 5]. However, the population impact of HPV vaccination extends 
beyond direct protection of vaccinated individuals, as infection dynamics change 
through vaccination implementation. In countries achieving high coverage in girls-
only quadrivalent HPV vaccination programs, also targeting low-risk (lr) HPV types 6 
and 11, indirect benefits were evident early on through reduced prevalence of genital 
warts in unvaccinated young men [6]. Additionally, declining hrHPV prevalence in 
young vaccinated women was sufficient to provide herd protection to unvaccinated 
women within 6–7 years after initiation of girls-only HPV vaccination in settings with 
>80% coverage [7, 8]. Herd effects among unvaccinated women are mainly derived 
from unvaccinated, but indirectly protected, heterosexual men. However, men have 
been underrepresented in studies assessing population trends in HPV prevalence over 
time since vaccine introduction [9].

Previously, we demonstrated herd effects for vaccine types HPV-16/18 among het-
erosexual men 6 years after introduction of girls-only HPV-16/18 vaccination in the 
Netherlands [10]. Herd effects among unvaccinated women were not yet observed 
within 6 years postvaccination, presumably due to the moderate vaccine uptake in the 
Netherlands. In a girls-only vaccination program, herd protection of unvaccinated 
women constitutes a second-order effect and is strongly determined by vaccination 
coverage [11]. As we observed herd effects among heterosexual men within 6 years 
postvaccination, we hypothesized that herd effects among unvaccinated women in the 
Netherlands should also become measurable with prolonged monitoring. Continued 
monitoring of trends in type-specific HPV prevalence over time is also relevant for 
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detection of type replacement, a still unresolved possibility in the wake of HPV vac-
cination [12].

To further assess the population impact of the girls-only HPV-16/18 vaccination pro-
gram in the Netherlands on postvaccination trends in vaccine-targeted and nonvaccine 
HPV types, we updated and expanded our previous analyses. Here, we present trends 
in HPV positivity of 25 HPV types from prevaccination up to 8 years postvaccination 
among 16- to 24-year-old women and heterosexual men visiting sexual health centers 
(SHCs) throughout the Netherlands.

Methods

Study Design
For this updated analysis, we used data from the PASSYON (Papillomavirus Sur-
veillance Among STI Clinic Youngsters in the Netherlands) study: a biennial cross-
sectional survey to assess HPV prevalence among young visitors to SHCs [10]. In 
the Netherlands, SHCs offer sexually transmitted infection (STI) testing to those 
with increased risk, including individuals ≤24 years of age. The study design has 
been described previously [13]. In brief, the PASSYON study was initiated in 2009 
(prevaccination) and repeated in 2011, 2013, 2015, and 2017 in SHCs throughout 
the country (Supplementary Figure 1). Male and female SHC visitors 16–24 years 
of age were approached for participation and asked to collect a genital self-swab 
(Copan Diagnostics, Italy). Women were instructed to take a vaginal sample, while 
men took a penile sample. A questionnaire on sexual risk behavior, demographics, 
and vaccination status was collected, which was supplemented with information from 
regular SHC consults. The Medical Ethical Committee (University of Utrecht, the 
Netherlands), provided a waiver for full medical ethical review (protocol number 
08/397). Data were obtained using a unique code per person and all participants gave 
informed consent.

Laboratory Analyses
HPV laboratory testing was conducted similarly across all study years [13]. In brief, 
DNA was extracted using the MagnaPure platform (Total Nucleic Acid Isolation Kit, 
Roche, the Netherlands) and HPV DNA was amplified using SPF10 primer sets and 
detected using DNA enzyme-linked immunoassays (HPV-DEIA, DDL Diagnostics 
Laboratory, the Netherlands). Positive samples were genotyped with line-probe as-
say (HPV-LiPA25, DDL Diagnostics Laboratory, the Netherlands), which is able to 
detect hrHPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and lrHPV types 
6, 11, 34, 40, 42, 43, 44, 53, 54, 66, 70, and 74. Also HPV-68, -73, and -97 can be 



107

Population Impact of  Girls-Only Human Papillomavirus 16/18 Vaccination in The Netherlands: Cross-Protective 
and Second-Order Herd Effects

Ch
ap

te
r 

5

detected, but these types cannot be distinguished from each other and are therefore 
classified as HPV-68.

Statistical Analysis
Trends in HPV positivity were studied for all women (irrespective of vaccination 
status) and self-reported heterosexual men. To study second-order herd effects, we 
additionally analyzed trends in self-reported unvaccinated women (only women 
reporting to be unvaccinated).

The crude prevalence of hrHPV and lrHPV types was calculated for each study year, 
stratified by sex and vaccination status. Trends in type-specific HPV prevalence over 
time were assessed using generalized estimating equation (GEE) Poisson models with 
a log link function and robust error variance. Incorporation of an exchangeable cor-
relation structure accounted for dependency of HPV types within individuals and 
ensured efficient estimation of regression coefficients. PASSYON year was added as a 
continuous variable to the model, resulting in a linear trend of HPV prevalence over 
time on a log scale. Percentual changes in HPV prevalence per year were estimated by 
exponentiating the (adjusted) regression coefficient for each HPV type.

To select possible confounding variables in the estimation of HPV prevalence trends, 
we first examined the study population over time regarding participant characteristics. 
Using χ 2 tests, we checked whether characteristics were comparable between different 
study years. Next, we studied the association between HPV positivity (any type) and 
participant characteristics, again using χ 2 tests. Characteristics associated with study 
year and with HPV positivity were included as explanatory variables in a logistic re-
gression stepwise selection model (with P < .05 as entry and stay criteria), using HPV 
positivity as outcome. Variables included in the final model were used for adjustment 
in the Poisson GEE models. This process was performed separately for all women, 
men, and unvaccinated women.

Next to individual-level confounders indicated by the selection models, trends in 
HPV prevalence were adjusted for age group (16–20 vs 21–24 years) and for changes 
in SHC access policy (population-level confounder). Due to funding restrictions from 
2015 onward, SHCs became stricter in prioritizing individuals at high risk for STIs, 
which could have resulted in a study population at systematically increased risk for 
HPV infection starting from 2015 [14]. As we assumed we were unable to fully adjust 
for this by only including changes over time in the known variables [10], we adjusted 
for policy change by including a categorical variable indicating the policy change from 
2015 onward.



108

Chapter 5

Additionally, we estimated pooled (adjusted) trends in HPV positivity over time. 
Pooled estimates were obtained as a weighted average of type-specific trends in the 
GEE Poisson models. Pooled trends were estimated for vaccine types (16/18), hrHPV 
types of the nonavalent vaccine (16/18/31/33/45/52/58), all hrHPV types (16/18/31
/33/35/39/45/51/52/56/58/59), and all types measured in the SPF10-DEIA-LiPA25 
assay. As the impact of vaccination among 16- to 24-year-olds on overall prevalence 
was likely to be still very low in 2011 [15], we performed sensitivity analyses pooling 
data from PASSYON years 2009 and 2011 to create more stable baseline measure-
ments.

All analyses were performed using SAS version 9.4 (SAS Institute, Cary, North Caro-
lina). We performed complete case analyses, as none of the variables had >5% missing.

Results

We included a total of 6354 women (1574 vaccinated [≥1 dose], 4111 unvaccinated, 
and 669 unknown, all self-reported) and 2414 heterosexual men who all provided 
a genital swab; the study population was 1524 in 2009, 1775 in 2011, 1816 in 
2013, 1782 in 2015, and 1871 in 2017. The percentage of women reporting to be 
vaccinated increased over the years; 2.3% in 2009, 6.4% in 2011, 19.2% in 2013, 
36.7% in 2015, and 54.1% in 2017. In total, 13.2% of vaccinated women were 
vaccinated within the regular program. Characteristics of the total study population 
are presented in Table 1, with the association between characteristics and study year 
and the association between characteristics and HPV positivity given separately for all 
women, heterosexual men, and unvaccinated women in Supplementary Tables 1–3. 
In general, sexual risk behavior increased over time in all groups.

Figure 1 displays the crude HPV prevalence over time for all women, heterosexual 
men, and unvaccinated women. HPV prevalence was positively affected by the SHC 
policy change from 2015 onward. After adjustment for age and changes in individual-
level characteristics over time, policy change was predicted to have elevated the HPV 
type-specific positivity by 9% among women and up to 30% among men in trend 
analyses. Overall, after adjustment for age and selected participant characteristics, 
and more so after adjustment for policy change, declining trends in HPV prevalence 
over time became stronger, while increasing trends became weaker (Supplementary 
Table 4). In the final adjusted GEE models, decreasing trends in both vaccine types 
HPV-16 and HPV-18 were estimated for women, heterosexual men, and unvacci-
nated women separately (Figure 2). The pooled percentual decline in HPV-16/18 
prevalence per year was 12.6% (95% confidence interval [CI], 10.6%–14.5%) among 
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Table 1: Characteristics of the Study Population for All Women, Heterosexual Men, and Unvaccinated 
Women

Characteristic
All Women
(n = 6354)

Heterosexual Men
(n = 2414)

Unvaccinated 
Women (n = 4111)

Age             

 16–20 y  2478  (39.0)  691  (28.6)  1336  (32.5) 

 21–24 y  3876  (61.0)  1723  (71.4)  2775  (67.5) 

Self-defined ethnicity             

 Dutch  5514  (86.8)  1933  (80.1)  3579  (87.1) 

 Not Dutch  837  (13.2)  479  (19.9)  530  (12.9) 

Educational levela             

 Low/middle  1550  (24.5)  708  (29.4)  964  (23.5) 

 High  4773  (75.5)  1699  (70.6)  3133  (76.5) 

Sexual preference             

 Heterosexual  6070  (95.5)  2414  (100.0)  3940  (95.8) 

 Gay or bisexual  284  (4.5)  0  (0.0)  171  (4.2) 

Age of sexual debut             

 ≤14 y  813  (13.0)  405  (16.9)  504  (12.4) 

 15–16 y  3036  (48.3)  961  (40.2)  1934  (47.5) 

 ≥17 y  2428  (38.7)  1024  (42.9)  1630  (40.1) 

No. of sex partners in past 
6 mo 

           

 0–1  1960  (30.9)  499  (20.7)  1342  (32.7) 

 2–3  3047  (48.0)  876  (36.3)  1956  (47.6) 

 4–5  947  (14.9)  510  (21.1)  591  (14.4) 

 ≥6  394  (6.2)  529  (21.9)  219  (5.3) 

No. of lifetime sex partners             

 0–2  682  (10.9)  130  (5.6)  438  (10.8) 

 3–4  1176  (18.9)  245  (10.6)  770  (19.0) 

 5–6  1220  (19.6)  284  (12.3)  789  (19.5) 

 7–14  2196  (35.2)  749  (32.4)  1417  (35.0) 

 ≥15  962  (15.4)  903  (39.1)  635  (15.7) 

Anal sex past 6 mo             

 No  5527  (87.4)  2021  (84.8)  3568  (87.2) 

 Yes, insertive only  0  (0.0)  351  (14.7)  0  (0.0) 

 Yes, receptive only  796  (12.6)  3  (0.2)  526  (12.8) 

 Yes, both insertive and 
receptive 

0  (0.0)  7  (0.3)  0  (0.0) 

Notified for STIb             

 No  5630  (89.1)  1992  (82.9)  3684  (90.0) 

 Yes  688  (10.9)  410  (17.1)  408  (10.0) 
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all women, 13.0% (95% CI, 8.3%–17.5%) among heterosexual men, and 5.4% (95% 
CI, 2.9%–7.8%) among unvaccinated women (Table 2). Declining trends were also 
observed for cross-protective types. We estimated significantly declining trends in the 
prevalence of HPV-31, with a 6.8% annual decline (P < .001) among all women and a 
9.7% annual decline (P = .005) among men, and in the prevalence of HPV-45, with a 
4.9% annual decline (P = .036) among all women. The decline in HPV-45 prevalence 
of 10.4% annually among heterosexual men was borderline nonsignificant (P = .065). 
Other significantly declining trends in adjusted analyses were seen for HPV-59 among 
unvaccinated women and for low-risk types HPV-34 (all women and heterosexual 
men) and HPV-44 (heterosexual men).

Table 1: Continued

Characteristic
All Women
(n = 6354)

Heterosexual Men
(n = 2414)

Unvaccinated 
Women (n = 4111)

STI-related symptomsb             

 No  4818  (76.4)  1742  (72.7)  3100  (75.9) 

 Yes  1491  (23.6)  655  (27.3)  984  (24.1) 

Self-reported history of any 
STI 

           

 No  3549  (56.2)  1298  (54.0)  2361  (57.6) 

 Yes  1683  (26.6)  508  (21.1)  1087  (26.6) 

 Never tested  1089  (17.2)  598  (24.9)  648  (15.8) 

Genital chlamydia infectionb             

 No  5403  (85.5)  2010  (83.8)  3534  (86.4) 

 Yes  914  (14.5)  388  (16.2)  557  (13.6) 

Steady partner             

 No  3883  (62.6)  1359  (58.3)  2470  (61.5) 

 Yes, for 0–5 mo  1366  (22.0)  584  (25.1)  908  (22.6) 

 Yes, ≥6 mo  959  (15.4)  386  (16.6)  641  (15.9) 

Condom use past 6 mo, 
casual partnerc 

           

 Inconsistent  2624  (41.5)  1139  (47.6)  1601  (39.1) 

 Consistent  2243  (35.5)  810  (33.8)  1525  (37.2) 

 No casual partners past 
6 mo 

1455  (23.0)  445  (18.6)  972  (23.7) 

Data are presented as No. (%). Numbers vary because of missing values.
a: High educational level included school of higher general secondary education, pre–university education, uni-
versity of applied sciences, and university. Low/middle educational level included all other levels of education.
b: Based on information of the sexual health center visit.
c: Inconsistent included reporting never, rarely, and “sometimes I do, sometimes I do not” condom use. Consistent 
included reporting often or always condom use.
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Pooling trends of hrHPV types of the nonavalent vaccine and all hrHPV types (as a 
weighted average) resulted in a 5.7% and 3.0% annual decline among women and in 
a 7.8% and 5.3% annual decline among heterosexual men (Table 2). The pooled trend 
of all measured HPV types including hrHPV and lrHPV types was declining among 
women and heterosexual men (1.6% and 4.1% annual decline, respectively). Among 
unvaccinated women, none of the pooled trends were statistically significant.

Figure 1: Prevalence of human papillomavirus (HPV) for the different years of the Papillomavirus Surveil-
lance Among STI Clinic Youngsters in the Netherlands (PASSYON) study among all women (A), hetero-
sexual men (B), and unvaccinated women (C). From 2015 onward, the access policy at the sexual health 
centers had changed, leading to prioritizing of individuals at high risk for sexually transmitted infections. 
*HPV-68 also includes HPV-73 and HPV-97.
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Sensitivity analyses in which the first two PASSYON years were pooled and con-
sidered as one baseline measurement yielded comparable results regarding adjusted 
trends for HPV vaccine types. Some type specific estimates became more pronounced, 
for example, the decline of HPV-45/33 among all women, whereas others were at-
tenuated, such as the decrease in HPV-31 among heterosexual men. Increasing trends 
in HPV-56 among all women and in HPV-52 among unvaccinated women were no 
longer statistically significant (Supplementary Table 5).

Figure 2: Percentual change in prevalence of high-risk and low-risk human papillomavirus (HPV) types 
per year, among all women (A), heterosexual men (B), and unvaccinated women (C). Percentual change 
in prevalence per year was calculated by exponentiating the adjusted regression coefficients of study year, 
which was added as a continuous variable in generalized estimating equation analyses. For the exact Per-
centual changes per year, see Supplementary Table 4. *HPV-68 also includes HPV-73 and HPV-97. #Point 
estimate for HPV-34 among heterosexual men was –26%. The x-axes differ between all women, hetero-
sexual men, and unvaccinated women. Regression coefficients for all women were adjusted for age, policy 
change at the sexual health center, lifetime sex partners, history of any sexually transmitted infection (STI), 
steady partner, notified for STI, sex partners past 6 months, and condom use with casual partner. Regression 
coefficients for heterosexual men were adjusted for age, policy change at the sexual health center, lifetime 
sex partners, and history of any sexually transmitted infection. Regression coefficients for the unvaccinated 
women were adjusted for age, policy change at the sexual health center, lifetime sex partners, history of any 
sexually transmitted infection, notified for STI, sex partners past 6 months, and condom use with casual 
partner.
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Also increasing trends in HPV prevalence were observed. In adjusted GEE models, the 
prevalence of HPV-56/54 increased among all women, and the prevalence of HPV-52 
increased among unvaccinated women. A complete overview of the trends for all 25 
HPV types is provided in Figure 2.

Discussion

We assessed trends in type-specific HPV prevalence for 25 HPV types up to 8 years 
after HPV-16/18 vaccination implementation in the Netherlands. We demonstrated 
significant population impact of girls-only vaccination on vaccine-type HPV infec-
tion, with HPV-16/18 prevalence declining each year by 13% among women and 
heterosexual men, and by 5.4% among unvaccinated women. We also demonstrated 
significant declines in HPV-31 and HPV-45 among women and heterosexual men, 
providing strong evidence that cross-protection of the 2vHPV vaccine extends to 
unvaccinated individuals. Our results show that HPV-16/18 vaccination induces herd 
effects against vaccine and cross-protective HPV types in a setting with moderate 
vaccination uptake.

Decreasing trends in HPV-16/18 prevalence were observed among all groups. For 
women, this is partly explained by an increased proportion of vaccinated women 
over time who benefit from direct protection of HPV-16/18 vaccination. In a previ-
ous analysis with data up to 6 years postvaccination, we reported that heterosexual 
men already benefited indirectly from this through herd protection [10]. This finding 
is reiterated in the current analyses with data up to 8 years postvaccination. Addi-

Table 2: Pooled Trends in Percentual Change of Human Papillomavirus Prevalence per Year Among All 
Women, Heterosexual Men, and Unvaccinated Women

Vaccine Type
All Women, %
(95% CI)

Heterosexual Men, %
(95% CI)

Unvaccinated Women, %
(95% CI)

Bivalent vaccine typesa  –12.58 (–14.53 to –10.59)  –13.04 (–17.54 to –8.30)  –5.38 (–7.84 to –2.87) 

Nonavalent vaccine hrHPV typesb  –5.73 (–7.42 to –4.02)  –7.82 (–11.81 to –3.64)  –1.28 (–3.40 to .87) 

All hrHPV typesc  –3.02 (–4.61 to –1.42)  –5.29 (–8.96 to –1.48)  –1.29 (–3.22 to .67) 

All hrHPV and lrHPV typesd  –1.59 (–3.13 to –.03)  –4.10 (–7.69 to –.38)  –0.67 (–2.53 to 1.22) 

Pooled trends were obtained as a weighted average of the type-specific trends in the generalized estimating equation 
Poisson models. Percentual change in prevalence per year was calculated by exponentiating the adjusted regression 
coefficients of study year.
a: Including HPV types 16 and 18.
b: Including HPV types 16, 18, 31, 33, 45, 52, and 58.
c: Including HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59.
d: Including HPV types 6, 11, 16, 18, 31, 33, 34, 35, 39, 40, 42, 43, 44, 45, 51, 52, 53, 54, 56, 58, 59, 66, 
70, 74, and 68/73/97.
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tionally, we were now able to measure reductions in HPV-16/18 prevalence among 
unvaccinated women, which constitutes a second-order effect that takes more time to 
develop. Meanwhile, no effects of vaccination implementation were observed among 
men who have sex with men in the same period [16]. Our results are in line with 
observations from the United States, where vaccine coverage has been suboptimal as 
well (around 50%) and herd effects among unvaccinated women were not yet present 
3–6 years after vaccination, but became measurable 5–8 years after vaccination [17].

Cross-protection of HPV-16/18 vaccination has been most clearly established for 
HPV types 31/33/45 [18]. In line with this cross-protection, the current analyses 
showed significantly decreasing trends in HPV-31/45 among all women, and in HPV-
31 among heterosexual men. Declining trends in HPV-33 among all women and 
in HPV-45 among heterosexual men were also pronounced, albeit nonsignificant. 
Declines in cross-protective HPV types were not yet observed in previous analyses 
[10]. Although natural fluctuation could occur over time, consistency of these results 
suggests that cross-protection of the 2vHPV vaccine also leads to herd effects for 
these types, although second-order herd effects against cross-protective types remain 
to be demonstrated. Second-order effects against the pooled outcome HPV-31/33/45 
were seen in Scotland 7 years after 2vHPV vaccine introduction, but this was in a 
setting with a much higher vaccination uptake of around 90% [7]. Likewise, in a 
community-randomized trial with moderate vaccination uptake, significant second-
order herd effects could only be demonstrated in the sex-neutral vaccination arm, 
and not in the girls-only vaccination arm [19]. Presumably, the speed at which herd 
effects become apparent is a composite of vaccine effectiveness, which is lower against 
HPV-31/33/45 as compared to HPV-16/18, and vaccination coverage. Therefore, we 
suspect herd protection against cross-protective HPV types will also become apparent 
in unvaccinated women in the Netherlands with prolonged follow-up.

Another declining trend is observed for HPV-34, showing a decrease in both women 
and heterosexual men. Of the lrHPV types, HPV-34 is phylogenetically most closely 
related to HPV-16 [20]. Hence, the observed decrease could be related to vaccine 
introduction, although cross-protection against HPV-34 has not been noticed before. 
Furthermore, we also observed increasing trends for a few HPV types; for HPV-54/56 
among all women, and for HPV-52 among unvaccinated women. Increasing trends in 
HPV-58/53 were borderline nonsignificant among (unvaccinated) women. Interest-
ingly, HPV-53/54/56 are phylogenetically very distant from the vaccine types and are 
located on different clades (α6 and α13, respectively), and are therefore the least likely 
to benefit from cross-reactivity of vaccine-induced immune responses [20]. However, 
HPV-52 is relatively closely related to HPV-16 (both on clade α9) while also showing 
an increase [21]. Together, these findings could signify early effects of type replace-
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ment, but an increasing HPV prevalence over time could also be due to unmasking and 
secular trends irrespective of vaccination, for example, due to behavioral changes over 
time [22]. No significantly increasing trends in HPV prevalence were observed among 
men, and all increases disappeared in sensitivity analyses. However, detection of type 
replacement in our study was complicated by the SHC policy change during our study 
period, and adjusting for this policy change could have resulted in an overcorrection. 
Other studies assessing trends in type-specific HPV prevalence also showed increases 
in HPV types following vaccination implementation. In meta-analyses, increases 
were observed in HPV-39/52/53/73 [23], and in a community-randomized trial a 
tendency for increasing prevalence of HPV-39/51 was observed among unvaccinated 
participants [24]. In both studies, results were inconsistent when analyzed by age or 
birth cohort, and other studies reported no increases in HPV types [25, 26]. Because 
type replacement following HPV vaccination probably takes many years to develop if 
present [12], continued surveillance is needed on a type-specific level. Additionally, 
eventual replacement in disease burden also depends on the oncogenic potential of 
HPV types becoming more common, emphasizing the need for type-specific surveil-
lance in (pre)cancer screening following vaccination implementation.

The current study has some limitations. First, the prioritization of high-risk indi-
viduals eligible for testing at SHCs has changed due to policy changes over the last 
years. While we corrected for this by including both individual- and population-level 
confounders in our model, we cannot rule out residual bias. Still, declines in preva-
lence were already observed without adjustment, both for vaccine-targeted and cross-
protective types. Second, vaccination status was self-reported and could be subject to 
recall bias. If part of the unvaccinated women were truly vaccinated, this would result 
in an overestimation of the decreasing trends for vaccine types among unvaccinated 
women. However, previous confirmation analyses based on serology showed good 
correlations between self-reported vaccination status and observed antibody levels [4]. 
Therefore, the possible bias by using self-reported vaccination status in this setting can 
be considered minimal. Third, only 1 year of official prevaccination data was available, 
affecting our ability to consider possible background trends or natural fluctuations in 
HPV prevalence. In sensitivity analyses, we repeated all trend analyses in which study 
years 2009 and 2011 were pooled and considered to represent the prevaccination 
situation, and these yielded comparable results.

Our current findings indicate that transmission of vaccine-targeted and cross-
protective HPV types is decreasing throughout the population. Our study included a 
high-risk population with a higher HPV prevalence compared to the general Dutch 
population, hampering generalizability [27]. As the population-level impact of HPV 
vaccination is generally attenuated in a high-prevalence setting, the estimates of herd 
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protection as provided in this study are probably conservative, and population effects 
of girls-only HPV-16/18 vaccination in the Netherlands are likely to be stronger in the 
general population [28]. Our findings also emphasize the importance of monitoring 
nonvaccine HPV types. Prevalence changes of hrHPV types other than HPV-16/18 
are relevant to assess the residual risk of (pre-)cancerous lesions and screening need in 
vaccinated cohorts. Our results showed declining pooled trends in all hrHPV types 
and all hrHPV and lrHPV types together, among both women and heterosexual men. 
This is reassuring for the overall benefit of HPV-16/18 vaccination and demonstrates 
that the 2vHPV vaccine generates broad-spectrum protection against HPV infections.

In conclusion, the current study showed substantial population-level impact of girls-
only HPV-16/18 vaccination in a high-risk study population in the Netherlands, 
a country with moderate vaccination coverage. Apart from significant declines in 
vaccine-type HPV infections, we also demonstrated that cross-protection of HPV-
16/18 vaccination extended to unvaccinated individuals. Our study provides unique 
documentation of the unfolding of first- and second-order herd effects, and suggests a 
significant eventual clinical impact of a girls-only HPV vaccination program.
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Supplementary Table 5: Percentual change in HPV prevalence per year of sensitivity analyses pooling data 
of PASSYON study rounds 2009 and 2011.

All women1 Heterosexual men2 Unvaccinated women3

% (95%CI) % (95%CI) % (95%CI)

High-risk 
HPV types

HPV16 -18..75 (-21..74 – -15..67) -10..68 (-17..47 – -3..34) -9..29 (-13..11 – -5..30)

HPV18 -17..05 (-20..71 – -13..21) -16..60 (-25..04 – -7..21) -8..51 (-13..16 – 3..60)

HPV31 -9..67 (-13..01 – -6..19) -7..86 (-15..58 – 0..55) -3..78 (-8..16 – 0..81)

HPV33 -6..64 (-11..47 – -1..54) -7..36 (-18..66 – 5..49) -3..14 (-9..40 – 3..54)

HPV35 -2..66 (-9..17 – 4..32) 5..73 (-7..03 – 20..25) -0..79 (-9..20 – 8..39)

HPV39 -1..00 (-5..02 – 3..20) 0..03 (-9..48 – 10..54) -1..38 (-6..52 – 4..04)

HPV45 -10..26 (-15..73 – -4..44) -11..50 (-23..65 – 2..58) -1..51 (-8..23 – 5..70)

HPV51 -1..34 (-4..15 – 1..55) -1..40 (-7..43 – 5..03) -3..82 (-7..42 – -0..09)

HPV52 -0..82 (-3..89 – 2..36) 3..37 (-4..10 – 11..43) 2..48 (-1..49 – 6..61)

HPV56 2..11 (-1..84 – 6..23) 0..10 (-7..76 – 8..62) -0..41 (-5..42 – 4..86)

HPV58 2..27 (-3..18 – 8..03) 5..92 (-7..52 – 21..32) 4..93 (-2..04 – 12..38)

HPV59 -5..19 (-10..17 – 0..07) -4..98 (-14..93 – 6..13) -12..23 (-18..97 – -4..94)

Low-risk 
HPV types

HPV6 0..20 (-3..59 – 4..13) 0..62 (-5..79 – 7..48) -2..15 (-6..97 – 2..93)

HPV11 0..95 (-7..80 – 10..53) -0..46 (-13..49 – 14..55) 1..53 (-9..48 – 13..87)

HPV34 -15..37 (-22..55 – -7..53) -30..00 (-45..01 – -10..89) -7..58 (-17..14 – 3..08)

HPV40 -5..73 (-12..01 – 0..99) -6..07 (-17..59 – 7..07) -4..86 (-12..98 – 4..02)

HPV42 -1..89 (-8..67 – 5..39) -16..01 (-33..48 – 6..05) -8..24 (-17..58 – 2..16)

HPV43 -2..01 (-8..21 – 4..60) -6..69 (-17..53 – 5..57) -3..63 (-11..64 – 5..11)

HPV44 2..54 (-3..88 – 9..40) -11..17 (-26..30 – 7..04) -0..67 (-9..09 – 8..53)

HPV53 1..19 (-2..17 – 4..66) 4..44 (-3..21 – 12..67) 2..37 (-1..95 – 6..87)

HPV54 4..47 (-0..39 – 9..56) 4..11 (-6..00 – 15..33) 2..04 (-4..25 – 8..75)

HPV66 -0..63 (-3..87 – 2..73) -2..72 (-9..30 – 4..33) -0..83 (-4..99 – 3..53)

HPV68/73/97 -4..97 (-9..53 – -0..18) -0..18 (-9..60 – 10..21) -4..88 (-10..93 – 1..59)

HPV70 -0..86 (-8..60 – 7..54) -10..72 (-25..98 - 7..69) -2..33 (-11..84 – 8..20)

HPV74 -5..25 (-10..03 – -0..21) -3..78 (-14..63 – 8..45) -2..30 (-8..41 – 4..21)

Pooled 
outcome 
measures

2v types4 -18..13 (-20..76 – -15..41) -13..03 (-19..10 – -6..51) -9..01 (-12..42 – -5..46)

9v hr types5 -8..92 (-11..23 – -6..56) -6..27 (-11..66 – -0..55) -3..41 (-6..44 – -0..28)

All hr types6 -5..46 (-7..65 – -3..21) -3..56 (-8..63 – 1..80) -3..37 (-6..21 – -0..44)

All types7 -3..61 (-5..79 – -1..39) -1..79 (-6..77 – 3..46) -2..52 (-5..31 – 0..35)

Percentual change in prevalence per year, was calculated by exponentiating the adjusted regression coefficients of study year. 
Pooled estimates were obtained as a weighted average of the type-specific trends in the GEE Poisson models
1. Adjusted for age, policy change at the sexual health center, lifetime sex partners, history of any sexually transmitted (STI) 
infection, steady partner, notified for an STI, sex partners past 6 months, condom use with casual partner
2. Adjusted for age, policy change at the sexual health center, lifetime sex partners, history of any STI
3. Adjusted for age, policy change at the sexual health center, lifetime sex partners, history of any STI, notified for STI, sex 
partners past 6 months, condom use with casual partner
4. Including HPV types 16, 18
5. Including HPV types 16, 18, 31, 33, 45, 52, 58 
6. Including HPV types 16, 18, 31, 33, 45, 52, 58, 35, 39, 51, 56, 59
7. Including HPV types 16, 18, 31, 33, 45, 52, 58, 35, 39, 51, 56, 59, 6, 11, 34, 40, 42, 43, 44, 53, 54, 66, 70, 74, 
68/73/97
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ABSTRACT

Background: In the Netherlands, the bivalent human papillomavirus (HPV) vaccine 
has been offered to preadolescent girls via the National Immunization Program in a 
2-dose schedule since 2014. The current study estimates vaccine effectiveness (VE) 
against HPV infections up to 4 years postvaccination among girls eligible for routine 
2-dose immunization.

Methods: A cohort study (HAVANA2) was used in which participants annually filled 
out an online questionnaire and provided a vaginal self-sample for determination of 
HPV by the SPF10-LiPA25 assay, able to detect 25 HPV types. VE against incident 
type-specific infections and pooled outcomes was estimated by a Cox proportional 
hazards model with shared frailty between the HPV types.

Results :In total, 2027 girls were included in the study, 1098 (54.2%) of whom were 
vaccinated with 2 doses. Highest incidence rate was 5.0/1000 person-years (HPV-
51) among vaccinated participants and 9.1/1000 person-years (HPV-74) among 
unvaccinated participants. Adjusted pooled VE was 84.0% (95% confidence interval 
[CI], 27.0%–96.5%) against incident HPV-16/18 infections and 86.5% (95% CI, 
39.5%–97.08%) against cross-protective types HPV-31/33/45.

Conclusions: Four years postvaccination, 2 doses of bivalent HPV vaccine were effec-
tive in the prevention of incident HPV-16/18 infections and provided cross-protection 
to HPV-31/33/45. Our VE estimates rival those from 3-dose schedules, indicating 
comparable protection by 2-dose schedules.
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Introduction

Persistent infections with human papillomavirus (HPV) are associated with develop-
ment of clinical disease, including anogenital or oropharyngeal cancers (in case of 
high-risk HPV type infections) and anogenital or laryngeal warts (in case of low-risk 
HPV type infections) [1, 2]. From 2006 onward, 3 vaccines targeting different com-
binations of HPV types have been registered, which were initially licensed and offered 
according to a 3-dose (3D) schedule (recommended schedule: 0, 1, and 6 months). 
The European Medicines Agency licensed a 2-dose (2D) schedule (0 and 6 months) 
for all available HPV vaccines in 2014 for vaccine recipients aged 9–14 years [3]. 
Immunobridging studies demonstrated comparable immunogenicity between 9- to 
14-year-old 2D-vaccinated and 15- to 26-year-old 3D-vaccinated individuals. As 
efficacy of vaccination was already shown among 3D vaccine recipients, comparable 
efficacy was expected after 2 doses in case of noninferior immunogenicity [4, 5]. 
When comparing girls vaccinated at similarly young age, antibody levels against HPV 
vaccine types following 2 doses are within acceptable ranges compared to 3 doses 
[6–8], although noninferiority of HPV-18 antibodies is still inconclusive [9, 10].

Ultimately, noninferiority of reduced-dosing schedules needs to be assessed on vac-
cine efficacy and effectiveness outcomes. However, assessment of protection against 
virological and clinical outcomes following a 2D schedule requires long follow-up 
and results are still limited, especially for the bivalent vaccine (2vHPV). Originally, 
HPV vaccine trials in young women used cervical intraepithelial neoplasia grade 2 
(CIN2+) or higher as outcome. Since the introduction of HPV vaccination, HPV 
infections are endorsed as intermediate endpoint for monitoring vaccine effective-
ness (VE) [11]. Only a few studies have shown protection against HPV infections or 
CIN2+ after 2 doses, including randomized controlled trials (RCTs), a cross-sectional 
study, and a linkage study [12–14]. Other observational data also indicated protection 
from reduced dosing schedules (including both 1- and 2-dose vaccination) [15–17]. 
However, the vast majority of these studies were not conducted in the context of 
a recommended 2D schedule, so information was retrieved from incompletely vac-
cinated individuals (ie, those who did not complete 3D vaccination series) [13, 18]. 
Therefore, numbers may be small, age at vaccination may be higher, and the interval 
between first and second vaccine can be shorter than recommended, possibly leading 
to lower antibody levels or waning of antibodies [19]. Together, this might affect 
VE estimates. As preadolescents who were vaccinated according to prescribed 2D 
regimens do not yet attend cervical cancer screening programs, monitoring of HPV 
infections is necessary to assess VE of 2D vaccination in a population-based setting.
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The current study aims to estimate VE of 2vHPV vaccination against incident genital 
HPV infections after a 2-dose recommended schedule from a Dutch longitudinal co-
hort study. In the Netherlands, 2vHPV vaccination targeting high-risk types HPV-16 
and HPV-18 was included in the National Immunization Program (NIP) beginning 
in 2010, initially as a girls-only vaccine in a 3D schedule [20]. The 3D schedule 
was replaced by a 2D schedule in 2014, starting with girls born in 2001 (eligible 
for vaccination in the year they turn 13). Vaccine uptake has been suboptimal in 
the Netherlands, ranging between 46% and 61% [21], which facilitates comparisons 
between vaccinated and unvaccinated individuals from the same birth cohorts. We 
report data up to 4 years postvaccination among routinely vaccinated Dutch girls 
from the first birth cohort eligible for the 2D schedule.

Methods

Study Design
In 2016, letters of invitation were sent to 11 770 vaccinated and 27 491 unvaccinated 
girls from birth cohort 2001. A longitudinal cohort study was initiated: HAVANA2 
(HPV Amongst Vaccinated and Nonvaccinated Adolescents After 2 Doses). Girls and 
their parents signed an informed consent before inclusion in the study (n = 2476 
correct informed consents, response rate 6.3%). Vaccination status of participants 
was acquired through the national vaccination registry, Praeventis [22]. Every year, 
participants filled out a web-based questionnaire and collected a vaginal self-sample 
(Viba-Brush, Rovers Medical Devices, Oss, the Netherlands). We report data from 
2016, 2017, and 2018 (Figure 1), that is, up to 4 years postvaccination. This study 
adhered to the tenets of the Declaration of Helsinki and was approved by the Medical 
Ethics Committee of the VU University Medical Center (2009/022).

Laboratory Analyses
Self-collected vaginal samples were stored in 1 mL buffered saline at −20°C. DNA was 
isolated from 200 µL of suspension using the MagNA Pure DNA and viral NA small 
volume Kit (Roche, Mannheim, Germany). DNA was eluted in 100 µL of elution 
buffer, of which 10 µL was used for amplification of HPV DNA. Amplification was 
performed using the broad-spectrum SPF10 primer cocktail. Amplified HPV DNA 
was detected with a DNA enzyme-linked immunoassay (HPV-DEIA, Labo Bio-
medical Products, Rijswijk, the Netherlands). HPV-DEIA–positive amplicons were 
subsequently analyzed in a reverse line blot assay (HPV-LiPA25, Labo Biomedical 
Products, Rijswijk, the Netherlands). The reverse line blot assay is able to detect 25 
HPV genotypes, including high-risk types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 
and 59. Additionally, it can detect 13 low-risk types: 6, 11, 34, 40, 42, 43, 44, 53, 54, 
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66, 70, and 74. HPV types 68, 73, and 97 are also detected, but since no distinction 
between these types can be made, they are all classified as HPV-68.

Statistical Analyses
For inclusion in the analyses, participants needed to hand in a vaginal self-sample 
in the first study round and be either unvaccinated or vaccinated according to 2D 
schedule before study start. Unvaccinated participants who decided to initiate HPV 
vaccination during the study were included in the unvaccinated group until the year 
they started vaccination and were censored thereafter. For participants with missing 
follow-up data in the questionnaires, data from previous years were used for analyses if 
possible (last observation carried forward). Participants were censored for the remain-
der of the follow-up period if they did not contribute a self-sample to a year.

To explore possible associations with HPV vaccine uptake, sociodemographic char-
acteristics among vaccinated and unvaccinated girls were described per study year. 
Differences in characteristics between vaccinated and unvaccinated girls over time 
were analyzed in a generalized estimating equation (GEE) binomial model with logit 
link and an exchangeable correlation structure. Each characteristic was modeled as a 
function of vaccination status, study round, and their interaction, to assess potential 
trend differences over time. Additionally, we examined which characteristics were as-
sociated with HPV infection (irrespective type or persistence) using a time-dependent 
GEE with a Poisson distribution and a log-link. Characteristics significantly associated 
with HPV in univariable models (P < .05) were included in a multivariable model to 
identify characteristics independently associated with HPV. These were considered as 
covariates to adjust for in VE analyses. An additional category was included for miss-
ing observations per characteristic. For the final models we included age, ethnicity, 
ever had sexual intercourse, and ever used contraception to adjust the estimates. The 
other characteristics that were associated with HPV were all related to sexual behavior 
and were not included in the model as this resulted in nonconvergence (to many 
variables in model, data not shown).

Figure 1: Study design and first years of follow-up. 
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Type-specific HPV prevalence was determined per year. Incidence was defined as be-
ing positive for a specific HPV type, preceded by a negative sample in the previous 
year (except for infections in the first year). Persistence was defined as being HPV 
positive for the same HPV type in (at least) 2 consecutive years. Type-specific inci-
dence and persistence rates were calculated as the number of infections divided by the 
person-years at risk (Poisson approach). Infections (events) were counted at the year 
in which they were detected. Person-years were counted as the time between vaccina-
tion or vaccine eligibility for unvaccinated participants (set at 30 June 2014, halfway 
during the year girls were eligible) and the end of follow-up or the time of an event, 
whichever came first. This reflects the time girls were at risk for developing an incident 
or persistent infection. The maximum number of person-years per participant was 4 
(2014–2018).

VE against incident HPV infections was estimated for all HPV types available in the 
HPV-LiPA25 using a Cox proportional hazards model with shared frailty between 
HPV types. VE was calculated as 1 – hazard ratio × 100%. For HPV types with 
zero infection events among vaccinated girls (ie, VE = 100%), approximate lower 
bounds of the 95% confidence intervals (CIs) were obtained by the Peto estimator 
for the hazard ratio, based on the log-rank statistic [23]. For other types, event-
specific hazards were adjusted using time-dependent sociodemographic characteristics 
as previously identified. The frailty term in the Cox model denotes a random effect 
on the individual level, representing residual heterogeneity in HPV infection risk 
irrespective of type. VE against all HPV types was estimated by 1 multivariate model, 
with covariate effects estimated simultaneously for all types. As pooled outcomes, 
we considered vaccine types (HPV-16/18), cross-protective types (HPV-31/33/45), 
high-risk types (HPV-16/18/31/33/45/52/58), low-risk types associated with genital 
warts (HPV-6/11), and a combination of vaccine and cross-protective types (HPV-
16/18/31/33/45). Pooled outcomes were estimated as weighted averages of types 
included in a particular combination to obtain more precise estimates compared to 
type-specific VE or a priori specification of combined outcomes. All statistical analyses 
were performed using SAS software version 9.4 (SAS Institute, Cary, North Carolina).

Results

A total of 2027 girls handed in a vaginal self-sample in the first study year, 1098 
(54.2%) of whom were vaccinated against HPV according to a 2D schedule at age 12 
(in the year they turned 13, according to the NIP). The number of girls participating 
amounted to 1666 in the third year due to loss to follow-up (Table 1). At study start, 
the mean age was 15 years. In the first part of Table 1, the entire study population is 
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described regarding sociodemographic characteristics. Sexual activity increased from 
12% to 43% over the first 3 years. In general, vaccinated and unvaccinated girls were 
comparable regarding sociodemographic characteristics, except for contraception use: 
Vaccinated participants were more likely to ever have used contraception (odds ratio 
[OR], 1.18 [95% CI, 1.01–1.37]). Table 1 also shows sexual behavior characteristics 
among the sexually active participants only. No differences between vaccinated and 
unvaccinated participants were seen in sociodemographic or sexual characteristics 
over time.

The prevalence of type-specific HPV infections was low in the first study year among 
both vaccinated and unvaccinated girls (Figure 2). Prevalence of any HPV type infec-
tion (both low risk and high risk) increased from 1.7% in year 1 to 11.0% in year 
3 for unvaccinated participants and from 1.1% to 8.0% for vaccinated participants, 
respectively. HPV-51 was the most prevalent high-risk type, while HPV-74 was the 
most prevalent low-risk type, irrespective of vaccination status. Type-specific incidence 
rates ranged from 0.0 to 9.1 per 1000 person-years (HPV-74) among unvaccinated 
and from 0.0 to 5.0 per 1000 person-years (HPV-51) for vaccinated girls. Due to 
the low number of persistent infections, persistence rates could only be calculated 
for a limited number of HPV types. Highest persistence rates were 1.2 per 1000 
person-years (HPV-16) among unvaccinated participants and 0.8 per 1000 person-
years (HPV-51) among vaccinated participants (Table 2).

Figure 2: Type-specific prevalence with 95% confidence intervals of high-risk and low-risk human papil-
lomavirus (hrHPV and lrHPV, respectively) types among vaccinated and unvaccinated participants per 
study year

VE against incident infections was calculated for all high-risk types (Figure 3A), all 
low-risk types (Figure 3B) and for pooled outcomes (Figure 4). Type-specific VE 
estimates against HPV-18, -33, -35, and -45 were all 100%, as no infections among 
vaccinated participants were detected, but only VE against HPV-18 was statistically 
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significant in unadjusted analyses (P = .0148, log-rank test). For other types, estimates 
were adjusted for age, ethnicity, ever had sexual intercourse, and ever used contracep-
tion. In the pooled outcomes analyses, adjusted VE against vaccine types HPV-16/18 
was 84.0% (95% CI, 27.0%–96.5%). The VE against cross-protective types HPV-
31/33/45 was 86.5% (95% CI, 39.5%–97.08%). Moreover, the VE against incident 
infections with high-risk types HPV-16/18/31/33/45/52/58 was 64.9% (95% CI, 

Table 2: Type-Specific Incidence and Persistence Rates per 1000 Person-Years Among Vaccinated and Un-
vaccinated Participants. 

HPV Type
Incidence Rates per 1000 PY
(95% CI)

Persistence Rates per 1000 PY
(95% CI)

Unvaccinated Vaccinated Unvaccinated Vaccinated

High-risk types         

 16  1.8 (1.5–2.1)  0.5 (.3–.7)  1.2 (.5–3.2)  0.0 

 18  1.5 (1.3–1.8)  0.0 (.0–.3)  0.0  0.0 

 31  2.7 (2.4–3.1)  0.5 (.3–.7)  0.3 (.0–2.2)  0.0 

 33  0.6 (.4–.8)  0.0 (.0–.3)  0.0  0.0 

 35  0.6 (.4–.8)  0.0 (.0–.3)  0.0  0.0 

 39  1.8 (1.5–2.1)  1.8 (1.5–2.0)  0.0  0.0 

 45  0.6 (.4–.8)  0.0 (.0–.3)  0.0  0.0 

 51  6.7 (6.1–7.3)  5.0 (4.6–5.5)  0.6 (.2–2.4)  0.8 (.2–2.3) 

 52  2.1 (1.8–2.5)  2.3 (2.0–2.6)  0.0  0.3 (.0–1.8) 

 56  0.9 (.7–1.1)  2.0 (1.7–2.3)  0.3 (.0–2.2)  0.3 (.0–1.8) 

 58  1.2 (.9–1.5)  0.3 (.1–.4)  0.0  0.0 

 59  2.1 (1.8–2.5)  0.8 (.6–1.0)  0.3 (.0–2.2)  0.0 

Low-risk types         

 6  4.9 (4.4–5.4)  2.3 (2.0–2.6)  0.9 (.3–2.8)  0.0 

 11  1.2 (.9–1.5)  0.5 (.4–.7)  0.3 (.0–2.2)  0.3 (.0–1.8) 

 34  0.0 (.0–.3)  0.8 (.6–1.0)  0.0  0.0 

 40  0.3 (.2–.5)  0.8 (.6–1.0)  0.0  0.0 

 42  0.3 (.2–.5)  1.0 (.8–1.2)  0.0  0.5 (.1–2.0) 

 43  0.6 (.4–.8)  0.8 (.6–1.0)  0.0  0.0 

 44  0.0 (.0–.3)  1.0 (.8–1.2)  0.0  0.0 

 53  3.3 (2.9–3.8)  3.5 (3.2–3.9)  0.6 (.2–2.4)  0.5 (.1–2.0) 

 54  1.2 (.9–1.5)  1.8 (1.5–2.0)  0.0  0.5 (.1–2.0) 

 66  3.0 (2.7–3.4)  2.0 (1.8–2.3)  0.0  0.3 (.0–1.8) 

 68  1.2 (.9–1.5)  1.0 (.8–1.2)  0.0  0.0 

 70  0.0 (.0–.3)  0.0 (.0–.3)  0.0  0.0 

 74  9.1 (8.5–9.8)  4.8 (4.4–5.2)  0.0  0.0 

The 95% confidence intervals for zero observations were calculated based on the rule of 3.
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20.2%–81.0%), while VE against low-risk types 6 and 11 was 51.7% (95% CI, –3.1% 
to 77.4%). The complete models including estimates for covariates are included in 
Supplementary Data 1.

Figure 3: Type-specific vaccine effectiveness (VE) estimates against incident human papillomavirus (HPV) 
infections with 95% confidence intervals (CIs). Crude (gray dots) and adjusted estimates (black dots) are 
shown for high-risk (A) and low-risk (B) HPV types. VE was adjusted for age, ethnicity, ever had sexual in-
tercourse, and ever used contraception. *For HPV types with no infections among vaccinated participants, 
confidence estimates could only be included for the crude estimates (using the Peto estimator for the hazard 
ratio, based on the log-rank statistic).
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Discussion

We studied VE of 2 doses of the HPV-16/18 vaccine in the first birth cohort eligible 
for reduced-dosing schedule vaccination in the routine vaccination program of the 
Netherlands. With a 4-year postvaccination follow-up, we demonstrate protection 
against incident HPV-16/18 infections as well as cross-protection against HPV-
31/33/45 infections. To our knowledge, this is the first observational study reporting 
VE of 2vHPV vaccination against type-specific HPV positivity among routinely 2D 
vaccinated young women. Our VE estimates compare well to those derived from birth 
cohorts eligible for the 3D schedule, indicating similar protection of the 2D schedule 
[24–26].

An important aspect of this study is that the 2 doses of HPV vaccination were rou-
tinely offered in the NIP and replaced the initial 3D schedule based on immunologi-
cal data. In this context, evidence for effectiveness based on virological and clinical 
outcomes is imperative and should be compared to the effectiveness following 3 doses. 
Previous research on the 3D schedule can provide various benchmarks, since studies 
may report effectiveness against incident, prevalent, or persistent infections, with 
increasing expectation for effectiveness, respectively. Data from Dutch surveillance 
studies among 3D vaccine-eligible girls from the catch-up campaign (slightly older at 
vaccination compared to our participants) indicated that VE against incident HPV-
16/18 infections was 70% (95% CI, 52%–82%) 4 years postvaccination [24]. For 
HPV-16/18/31/45, VE was 72% (95% CI, 58%–82%). For persistent HPV-16/18 

Figure 4: Vaccine effectiveness (VE) estimates for pooled outcomes against incident human papillomavirus 
(HPV) infections with 95% confidence intervals (CIs) for crude (gray dots) and adjusted estimates (black 
dots). VE was adjusted for age, ethnicity, ever had sexual intercourse, and ever used contraception.
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infections up to 6 years postvaccination from the same study, VE was 97.7% (95% CI, 
83.5%–99.7%) [25]. Another Dutch surveillance study among sexual health clinic 
visitors eligible for 3D vaccination reported a VE of 89.9% (95% CI, 81.7%–94.4%) 
against prevalent HPV-16/18 infections [26]. Together, these findings align well with 
the observations from the current 2D study in which VE of 84% against incident 
HPV-16/18 infections is found. The primary and intermediate endpoints for HPV 
vaccination as indicated by the World Health Organization include persistent infec-
tions [11]. Due to low numbers, VE against persistent infections was not yet included 
in our current analyses. With prolonged follow-up of the current cohort, these esti-
mates can be reported in the future.

Routinely offered 2vHPV vaccination according to a 3D schedule has been in place 
outside the Netherlands as well. A Scottish study indicated a VE of 89.1% (95% CI, 
85.1%–92.3%) against vaccine-type infections among girls offered vaccination at age 
12–13 [13]. For HPV-31/33/45 the VE was 85.1% (95% CI, 77.3%–90.9%). VE 
declined with increasing age of vaccination. In general, VE observed in the current 
study following a 2D schedule seems comparable to 3D schedule findings, which is in 
line with the immunological data and immunobridging studies on the basis of which 
the 2D schedule was licensed.

Two-dose VE estimates can also be evaluated based on clinical trial data. Even though 
the trials were not designed or powered to study the 2-dose schedule specifically, they 
often report their findings from minority groups receiving <3 doses. Our point esti-
mate of 84.0% for HPV-16/18 is in line with those of the 2D-vaccinated, HPV-naive 
cohorts in the HPV PApilloma TRIal against Cancer In young Adults (PATRICIA) 
and the Costa Rica Vaccine Trial (CRVT) (81.2%) [18]. As indicated before, women 
receiving their first and second vaccination without proper time interval might have 
lower antibody levels following vaccination [5, 19]. Subanalyses in the CRVT data 
indeed showed higher efficacy among those receiving vaccinations 6 months apart as 
compared to a shorter interval, also affecting the possibility of cross-protection against 
HPV-31/33/45 [18]. In the current analyses, all 2D-vaccinated girls received their 
second dose at >5 months apart from their first dose, likely contributing to our high 
VE estimates in general. Our findings also agree well with observations from a Dutch 
serosurveillance study conducted among routinely 2D-vaccinated girls [27]. It was 
found that seroprevalence was 100% up to 2 years postvaccination for vaccine types 
with corresponding high avidity levels, likely resulting in solid protection against vac-
cine types and cross-protective types alike.

Other (high-risk) HPV types against which (cross-protective) effects were observed 
included HPV-31/33/45 (VE, 86.5%), which is in line with observations from pre-
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vious research [28], although our estimates were higher. A linkage study between 
vaccination status and cervical screening from Scotland indicated cross-protection 
against HPV-31/33/45 of 40.3% among 2D-vaccinated women, but this was among 
those who did not complete routinely offered 3D vaccination. Regarding type-specific 
significant VE estimates in general, this was only observed for HPV-18 in unadjusted 
analyses. This could be due to rather low numbers of type-specific infections and could 
become measurable with prolonged follow-up time, as observed in 3D schedules and 
other 2D studies [25, 29].

We found a borderline nonsignificant VE against HPV-6/11 infections (51.7% [95% 
CI, –3.1% to 77.4%]). These low-risk types are not targeted by HPV-16/18 vaccina-
tion. Although 1 of the first RCTs on 2vHPV vaccination [30] also indicated partial 
protection against HPV-6/11 infections among the HPV-naive cohort, only very few 
other surveillance studies could replicate such an effect [31]. Some studies have shown 
a partial protective effect of 2vHPV vaccination against anogenital warts [32], but 
these were not focused on specific low-risk types. Moreover, based on phylogenetic 
distance, (cross-) protection against HPV-6 and 11 is not expected [33]. Thus, this 
finding remains inconclusive and requires further research, for example on the pos-
sible biological mechanism underlying cross-protection to low-risk types from the 
2vHPV vaccine.

Strengths of the current study include the longitudinal, population-based design. This 
is the first birth cohort from the Netherlands eligible for 2D vaccination according to 
protocol, which we were able to follow from a young age. Vaccinated and unvaccinated 
participants were comparable regarding sociodemographic and sexual characteristics, 
except for contraception use. This is in line with previous studies, providing no sug-
gestion that HPV vaccination status does affect sexual (risk) behavior [34] and would 
as such, influence effectiveness of the program or confound VE estimates. Further-
more, our participants were comparable to the general Dutch population regarding 
sexual behavior, in which the median age for sexual intercourse was 17.5 years for 
girls in 2017 [35]. However, we also acknowledge some limitations. Due to ethical 
considerations related to the participants’ age at vaccination, we were unable to start 
follow-up directly after vaccination and to select HPV-negative girls at time of vacci-
nation. Consequently, we might have missed infections that were acquired and cleared 
between vaccination and the first measurement, and we attributed infections at year 
1 to infection at that moment. Also, the rather young age of participants led to a still 
limited number of type-specific infections, hence decreasing power in type-specific 
VE estimates. Last, there was a relatively low response rate regarding participation 
to this study. This might affect generalizability of results to the general population 
if specific subgroups were more likely to be included. Although participants were 
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less likely to have a migration background compared to the general population [36], 
they were comparable regarding sexual behavior. Therefore, we think the bias of our 
estimates will be limited.

In conclusion, at 4 years postvaccination, 2 doses of 2vHPV vaccine were effective in 
the prevention of incident HPV-16/18 infections and additionally provided cross-pro-
tection against HPV-31/33/45. This is one of the first population-based observational 
studies investigating the 2D schedule in a regular immunization program setting, and 
indicates that protection is comparable to 3D schedules and to observations from 
RCTs. Our findings are promising regarding future clinical impact of reduced-dosing 
schedules.
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Supplementary data

Supplementary data 1: Full models for pooled outcomes. Age, ethnicity, ever had sexual intercourse, and 
ever used contraception were used to adjust the estimates. The other characteristics that were associated 
with HPV were all sexual behavior related and were not included in the model as this resulted in non-
convergence (to many variables in model).

Analysis of Maximum Likelihood Estimates

Parameter DF
Parameter 
estimate

Standard 
error

Chi-
Square

Pr > 
ChiSq

Hazard 
ratio

HPV16/18 1 -1.83473 0.77432 5.6145 0.0178 0.160

Age (continuous) 1 0.59337 0.57338 1.0709 0.3007 1.810

Contraception use never (reference)

Contraception use ever 1 0.96021 0.23204 17.1249 <.0001 2.612

Contraception use missing 1 0.93597 0.46803 3.9993 0.0455 2.550

Had sexual intercourse never - reference

Had sexual intercourse ever 1 1.63644 0.19960 67.2140 <.0001 5.137

Had sexual intercourse missing 1 1.65293 0.43927 14.1596 0.0002 5.222

Ethnicity Dutch - reference

Ethnicity non-Dutch 1 0.47857 0.21524 4.9438 0.0262 1.614

Ethnicity missing 1 -1.14118 0.80073 2.0311 0.1541 0.319

 

Analysis of Maximum Likelihood Estimates

Parameter DF
Parameter
 estimate

Standard 
error

Chi-
Square

Pr > 
ChiSq

Hazard 
ratio

HPV16/18/31/33/45 1 -1.92163 0.54796 12.2983 0.0005 0.146

Age (continuous) 1 0.59338 0.57339 1.0709 0.3007 1.810

Contraception use never (reference)

Contraception use ever 1 0.96020 0.23204 17.1243 <.0001 2.612

Contraception use missing 1 0.93597 0.46803 3.9993 0.0455 2.550

Had sexual intercourse never - reference

Had sexual intercourse ever 1 1.63645 0.19961 67.2145 <.0001 5.137

Had sexual intercourse missing 1 1.65292 0.43927 14.1592 0.0002 5.222

Ethnicity Dutch - reference

Ethnicity non-Dutch 1 0.47858 0.21524 4.9440 0.0262 1.614

Ethnicity missing 1 -1.14118 0.80074 2.0311 0.1541 0.319
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Analysis of Maximum Likelihood Estimates

Parameter DF
Parameter 
estimate

Standard 
error

Chi-
Square

Pr > 
ChiSq

Hazard 
ratio

HPV31/33/45 1 -2.00164 0.76519 6.8427 0.0089 0.135

Age (continuous) 1 0.59336 0.57338 1.0709 0.3007 1.810

Contraception use never (reference)

Contraception use ever 1 0.96020 0.23203 17.1246 <.0001 2.612

Contraception use missing 1 0.93598 0.46803 3.9994 0.0455 2.550

Had sexual intercourse never - reference

Had sexual intercourse ever 1 1.63644 0.19960 67.2141 <.0001 5.137

Had sexual intercourse missing 1 1.65291 0.43927 14.1592 0.0002 5.222

Ethnicity Dutch - reference

Ethnicity non-Dutch 1 0.47858 0.21523 4.9441 0.0262 1.614

Ethnicity missing 1 -1.14119 0.80074 2.0311 0.1541 0.319

Analysis of Maximum Likelihood Estimates

Parameter DF
Parameter 
estimate

Standard 
error

Chi-
Square

Pr > 
ChiSq

Hazard 
ratio

HPV6/11 1 -0.72768 0.38663 35.424 0.0598 0.483

Age (continuous) 1 0.59332 0.57337 1.0708 0.3008 1.810

Contraception use never (reference)

Contraception use ever 1 0.96025 0.23204 17.1261 <.0001 2.612

Contraception use missing 1 0.93602 0.46802 3.9998 0.0455 2.550

Had sexual intercourse never - reference

Had sexual intercourse ever 1 1.63645 0.19960 67.2151 <.0001 5.137

Had sexual intercourse missing 1 1.65297 0.43926 14.108 0.0002 5.222

Ethnicity Dutch - reference

Ethnicity non-Dutch 1 0.47859 0.21523 4.9444 0.0262 1.614

Ethnicity missing 1 -1.14120 0.80072 2.0312 0.1541 0.319

Analysis of Maximum Likelihood Estimates

Parameter DF
Parameter 
estimate

Standard 
error

Chi-
Square

Pr > 
ChiSq

Hazard 
ratio

HPV16/18/31/33/45/52/58 1 -1.04603 0.32950 10.0780 0.0015 0.351

Age (continuous) 1 0.59339 0.57339 1.0710 0.3007 1.810

Contraception use never (reference)

Contraception use ever 1 0.96019 0.23203 17.1242 <.0001 2.612

Contraception use missing 1 0.93597 0.46803 3.9993 0.0455 2.550

Had sexual intercourse never - reference

Had sexual intercourse ever 1 1.63643 0.19960 67.2138 <.0001 5.137

Had sexual intercourse missing 1 1.65293 0.43927 14.1595 0.0002 5.222

Ethnicity Dutch - reference

Ethnicity non-Dutch 1 0.47854 0.21524 4.9432 0.0262 1.614

Ethnicity missing 1 -1.14116 0.80072 2.0311 0.1541 0.319
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ABSTRACT

Background: Persistent high-risk human papillomavirus (HPV) infection is endorsed 
by the World Health Organization as an intermediate endpoint for evaluating HPV 
vaccine effectiveness/efficacy. There are different approaches to estimate the vaccine 
effectiveness/efficacy against persistent HPV infections.

Methods: We performed a systematic literature search in to identify statistical ap-
proaches that have been used to estimate the vaccine effectiveness/efficacy against 
persistent HPV infections. We applied these methods to data of a longitudinal 
observational study to assess their performance and compare the obtained vaccine 
effectiveness (VE) estimates.

Results: Our literature search identified four approaches: the conditional exact test for 
comparing two independent Poisson rates using a binomial distribution, Generalized 
Estimating Equations for Poisson regression, Prentice Williams and Peterson total 
time (PWP-TT) and Cox proportional hazards regression. These approaches differ 
regarding underlying assumptions and provide different effect measures. However, 
they provided similar effectiveness estimates against HPV16/18 and HPV31/33/45 
persistent infections in a cohort of young women eligible for routine HPV vaccination 
(range VE 93.7–95.1% and 60.4–67.7%, respectively) and seemed robust to viola-
tions of underlying assumptions.

Conclusions: As the rate of subsequent infections increased in our observational 
cohort, we recommend PWP-TT as the optimal approach to estimate the vaccine 
effectiveness against persistent HPV infections in young women. Confirmation of our 
findings should be undertaken by applying these methods after longer follow-up in 
our study, as well as in different populations.
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Background

More than 30 types of the human papillomavirus (HPV) can infect the genital tract. 
Based on their oncogenic potential for cervical cancer, HPV types are divided into 
low- and high-risk (hrHPV) types. The majority of HPV infections are cleared by the 
immune system. However, remaining infections can persist within cells and progress 
to (pre)-cancerous lesions [1]. A persistent infection with HPV is the necessary cause 
for the development of cervical cancer. Beyond its role as etiological agent of cervical 
cancer, hrHPV is associated with other anogenital and oropharyngeal cancers in men 
and women [2]. Since 2006, three prophylactic vaccines have been licensed, and many 
countries have implemented HPV vaccination programs [3]. While these vaccines 
offer protection against two, four, or nine HPV types, all protect against hrHPV 
types 16 and 18. For the bivalent vaccine, cross-protection has been shown against 
additional types (HPV31, 33, 45) which are not included in the vaccine [4].

Given its role in the pathogenesis, persistent hrHPV infection is endorsed by the 
World Health Organization (WHO) as an intermediate endpoint for estimating HPV 
vaccine effectiveness/efficacy in cervical and anal cancer among 16–26 year olds [5]. 
In general, persistence is defined as presence of the same HPV type in consecutive 
measurements [6]. The use of persistent infections as an outcome for vaccine effective-
ness/efficacy is more convenient than pre-cancerous lesion (e.g. cervical intraepithelial 
neoplasia), however it comes with several challenges. Besides uncertainties in the 
natural history of HPV infections, with possible viral latency and natural immunity 
after infection [7], difficulties in measuring vaccine effectiveness/efficacy might arise 
from longitudinal study designs with loss to follow-up and missing observations. In 
addition, clustered data can result from the possibility of infections with multiple 
HPV types (at once) and/or having recurrent detection (reinfection or reactivation) 
after a negative measurement. Additionally, the risk for recurrent detection might be 
higher than developing a first-time infection [8]. Another challenge is that rates of 
infection over time in young vaccinated cohorts might vary due to increasing sexual 
behavior in this age group [9]. This varying infection rate might influence which 
statistical approach is optimal for estimating vaccine efficacy/effectiveness in observa-
tional cohort studies.

In this paper, we identify and examine different approaches to estimate the vaccine ef-
fectiveness (VE) against persistent HPV infections from the literature, and determine 
whether the statistical assumptions of these approaches hold within data from an 
observational cohort study. Furthermore, we examine whether a violation of these 
statistical assumptions leads to bias in the estimation of the VE.
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Methods

Literature search
A systematic literature search with no indicated start date till May 15, 2019 was 
performed in (detailed search strategy is in Additional file 1), to obtain insight into 
various methods used to estimate the vaccine effectiveness/efficacy against persistent 
HPV infections. Although vaccine efficacy and effectiveness vary in the conditions 
under which they are obtained, they both aim to measure the proportionate reduc-
tion in disease burden. Vaccine efficacy is studied under controlled circumstances, 
for example in a randomized controlled trial, while vaccine effectiveness is estimated 
from studies conducted under field circumstances [10]. Calculations of efficacy and 
effectiveness are comparable, especially in situations where the vaccine effectiveness 
aims to measure the direct effects by comparing the risk in vaccinated and unvac-
cinated participants [11]. Given our focus on observational studies, we will only use 
the abbreviation VE when vaccine effectiveness is described.

Papers were screened based on predefined inclusion criteria. Inclusion criteria covered 
original research papers estimating vaccine efficacy or effectiveness against persistent 
HPV infections (i.e. comparing different groups) for any prophylactic HPV vaccine, 
written in Dutch or English language. Data were extracted using a standardized data 
extraction form. Selection of papers and data-extraction were performed in duplicate 
by two researchers.

Study population and design
To check the statistical assumptions and to compare the different statistical approach-
es, we used data of the HPV Amongst Vaccinated And Non-vaccinated Adolescents 
(HAVANA)-study. The study design of this observational cohort study has been de-
scribed previously [12,13,14]. In brief, 29,162 girls born in 1993 or 1994 who were 
eligible for the catch-up campaign (three-doses of bivalent HPV vaccine) in 2009 and 
2010 in the Netherlands were approached to participate in the study approximately 
one month before vaccination was offered. All participants provided written consent 
and the study was approved by the medical ethics committee (VU University Medical 
Center, Amsterdam). In total 1832 vaccinated and unvaccinated participants were 
included and asked to provide yearly follow-up with vaginal self-swabs and question-
naires. For current analyses, we included data up to eight years post-vaccination and 
study participants had to be negative for HPV16, 18, 31, 33 and 45 (vaccine and 
cross-protective types of the bivalent HPV vaccine) at baseline. Exposure was defined 
as having received the full recommended schedule of the bivalent HPV vaccine (three-
doses at 0, 1 and 6 months) compared to unvaccinated women. Participants with an 
incomplete vaccination schedule were excluded from the analyses.
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HPV DNA detection and genotyping
HPV DNA testing was done by SPF10-LIPA25 system, with storage of vaginal self-
swabs and methods used for HPV DNA detection and genotyping described in detail 
elsewhere [12, 15].

Statistical analysis
We calculated the crude VE as 1 minus the hazard or rate ratio (*100%) using the 
different statistical approaches identified in the literature. Analyses were performed 
against a combined outcome of vaccine types HPV16/18 and cross-protective types 
HPV31/33/45. Persistence was defined on a type-specific level as being negative at 
baseline, followed by two consecutive positive rounds of testing. To be counted as a 
persistent case during follow-up, participants needed to have a persistent infection 
for at least one of these HPV types. In addition, at each time point a participant 
was evaluated to determine if they had a persistent infection based on previous time 
points. Person-time was counted from at least three consecutive rounds of participa-
tion, in order to be able to detect the endpoint of persistent infection based on three 
consecutive testing time points. Examples of calculating endpoints and person-time 
can be found in Additional file 2. Data analysis was performed using SAS 9.4 (SAS 
Institute Inc. 2010, USA).

Results

Literature search
The systematic literature search resulted in 425 s, of which after selection (title and 
abstract) 49 remained for full text screening. Of these, four were excluded because of 
the wrong publication type (e.g. comment or review), seven because a lack of an actual 
vaccine effectiveness/efficacy calculation, and in four studies a different outcome other 
than the one of interest was reported, leaving a total of 34 s (32 randomized controlled 
trials and 2 observational cohort studies) for inclusion [13, 14, 16,17,18,19,20,21,22
,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. (Fig. 
1) This resulted in 35 analyses regarding vaccine efficacy/effectiveness of persistent 
HPV infections. Four different analysis methods were observed. Two methods pro-
vided an estimate of rate ratios either via Generalized Estimating Equations (GEE) 
using a Poisson model (n = 2), or via direct comparison of independent incidence rates 
using the Conditional exact method (n = 31) [47, 48], which assumes that the number 
of events from one group, given the total number of events in both groups, follows 
a binomial distribution under the null hypothesis using identical Poisson processes 
in the vaccinated and unvaccinated group [49]. The other two methods provided 
an estimate of hazard ratios either via the Cox proportional hazards model (n = 2), 
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or via the Prentice Williams Peterson total time (PWP-TT) approach (n = 1). In all 
papers vaccine efficacy/effectiveness was calculated as 1 minus the rate ratio, or hazard 
ratio, times hundred percent. The PWP-TT is a survival method for recurrent events 
taking into account total time at risk, assuming event-specific hazards, in which the 
hazard is allowed to differ for a subsequent event [50, 51]. The GEE Poisson approach 
counts multiple events per participant (either over time or at the same time point) 
considering person-time. Only the first event is counted in both the conditional exact 
method using the binomial distribution and the Cox method. The Cox approach uses 
time until first event. Studies using the conditional exact method for comparing two 
independent Poisson rates using a binomial distribution varied in the denominator of 
outcome variable, either being total number of participants or number of person years 
observed (Table 1). An important assumption of Cox regression is that the hazard 
ratio is constant over time (proportional hazard assumption), while for the GEE Pois-
son and Conditional exact method, a constant rate of events over time would give the 
most stable estimates [52, 53]. The four methods vary in how they handle missing 
data. An overview of the different methods and their assumptions is shown in Table 2. 

Figure 1: Flowchart of systematic literature search



161

Measuring vaccine effectiveness against persistent HPV infections: a comparison of  different statistical  
approaches

Ch
ap

te
r 

7

Table 1: Methods used to evaluate the VE against persistent infections and analyses from included studies

Type of study Definition of 
persistence

Duration of persistent 
infection

VE analysis method Calculation of 
infection rates

- Observational [13, 
14]
-Experimental [13, 
16, 17, 18, 19, 20, 
21, 22, 23, 24, 25, 
26, 27, 28, 29, 30, 
31, 32, 33, 34, 35, 
36, 37, 38, 39, 40, 
42, 43, 44, 45, 46]

- 2 consecutive 
measurements 
positive 
[13, 16, 17, 18, 19, 
20, 21, 22, 23, 24, 
25, 26, 27, 28, 29, 
30, 31, 32, 33, 34, 
35, 36, 37, 38, 39, 
40, 42, 43, 44, 45, 
46].
- 2 consecutive 
measurements: 
positive preceded 
by a negative 
measurement [14]
- Sequence of positive 
measurements over 
a certain time span 
[18, 41]

- 6 monthsa [17, 20, 
22, 25, 26, 28, 29, 
30, 34, 35, 36, 37, 
38, 39, 43, 44, 46]
- 12 monthsa [13, 14, 
27, 40]
- 6/12 monthsa [16, 
18, 19, 21, 23, 24, 
31, 32, 33, 41, 42, 
45]

- Conditional exact 
for comparing two 
independent Poisson 
rates using a binomial 
distribution (14, 15, 
24–28 [39,  41–43] , 
16, 35–44, 17–23)
- GEE Poisson [13,  
40]
- Cox Proportional 
Hazard [22, 38]
- Prentice Williams 
Peterson total time 
approach [14]

- Number of 
cases/number of 
participants [17, 18, 
19, 21, 22, 25, 27, 
31, 32, 33, 38, 41, 
42, 43, 44]
- Number of cases/
person years at risk 
[13, 14, 16, 20, 23, 
24, 26, 28, 29, 30, 
34, 35, 36, 37, 39, 
40, 45, 46]

* Although it was stated as 6- or 12-month persistent infections authors specified durations varying between at 
least 4 to 6 months or 10 to 12 months respectively

Table 2: Analysis methods for vaccine effectiveness against persistent HPV infections

Conditional 
exact method 
for comparing 
two independent 
Poisson rates 
using a binomial 
distribution

Cox proportional 
hazard

GEE Poisson Prentice Williams 
Peterson-Total time

Outcome Rate ratio Hazard ratio Rate ratio Hazard ratio

Assumption(s) * Rate of events 
constant over time
* Groups are 
considered to be 
equally exposed [52]

* Proportional hazard 
assumption (hazard 
ratio over time should 
be constant)
* Independence 
assumption (estimate 
only for 1st event) 
[52]

* Rate of events 
constant over time 
[52]
* Measurements are 
independent across 
subjects
* Measurements may 
be correlated within 
subjects

* Event specific 
baseline hazard 
(baseline hazard for 
kth event allowed to 
be different) [51]

Check assumptions 
in HAVANA

Assumption for 
constant rate over 
time violated among 
unvaccinated

Proportional hazard 
assumption not 
violated

Assumption for 
constant rate over 
time violated among 
unvaccinated

Assumption for 
event-specific hazard 
not violated
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Assumptions
Data from the observational HAVANA-study [12,13,14] were used to check the as-
sumptions and to calculate the VE estimates using the different methods. In total, 
1615 participants were included in the current analyses. These participants provided a 
baseline sample and were negative at baseline for HPV16/18/31/33/45. Of these, 747 
were unvaccinated and 868 were fully vaccinated (three doses at 0, 1 and 6 months), 
where vaccination occurred approximately one month after inclusion into the study. 
(Fig. 2) We checked whether assumptions regarding constancy of the hazard ratio, 
constancy in the rate of events and the event-specific hazard assumption hold in the 
HAVANA-study for persistent HPV16/18 and HPV31/33/45 infections. To check the 
proportional hazard assumption (Cox regression), we added the interaction between 
vaccination status and time to the Cox model. Based on the interaction term between 
vaccination and time, the proportional hazard assumption was not violated for both 
vaccine (p = 0.19) and cross-protective types (p = 0.60). To check for a constant event 
rate (GEE Poisson and Conditional exact method), we modeled the persistence rate as 
a function over time stratified for unvaccinated and vaccinated participants.

An increasing persistence rate (p < 0.01) for both vaccine types and cross-protective 
types over time was observed among unvaccinated, but not among vaccinated par-
ticipants (p = 0.14 and p = 0.17 respectively). This indicates that the assumption of 
constant event rate was violated. (Table 3). In order to check whether there is an event 
specific hazard (PWP-TT), we estimated the persistence rate for each subsequent 
event number. The hazard for subsequent infections indeed seems to be different, as 
the persistence rate (PR) for a subsequent persistent infection in the total population 
was higher for the second infection compared to the first infection. The PR ratio 
(PRR) for the second infection was 7.38 95%CI 2.95–18.45 for HPV16/18 and 5.95 
(95%CI 1.85–19.09) for HPV31/33/45 compared to the first infection (Table 4).
Vaccine effectiveness

We used the different methods found through the systematic literature search to 
calculate the VE against persistent infections (with an interval of at least twelve 
months) with vaccine or cross-protective types up to eight years post vaccination in 
the HAVANA-study. Definitions used for the analyses are shown in Table 5, with 
examples of calculations in Additional file 2. To estimate VE for the conditional exact 
method using a binomial distribution, whether a participant had a persistent infection 
during follow-up was used as the outcome (persistent e), assuming that the number 
of cases in each of the arms are independent Poisson random variables. For the PWP-
TT participants with multiple simultaneous persistent infections, individuals were 
counted as having one persistent event at that specific time point. While in the GEE 
Poisson approach, all simultaneous infections for different HPV types were counted 
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and all subsequent events were counted as multiple events. For the Cox PH analysis 
only the first infection was used.

Through the model assumption checking, we found that the Cox model and the 
PWP-TT method were the only approaches for which the statistical assumptions were 
not violated using the HAVANA-study data. The PWP-TT takes into account the 
possibility of multiple infections during the follow-up time. Whereas the Cox model 
can only account for one event when using a pooled outcome of vaccine types or 
cross-protective types and multiple type infections occurring at the same moment. 

Figure 2: Flowchart of analysis population
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Table 4: Persistence rates per event (event 1 is the first persistent infection with a vaccine /cross-protective 
type, event 2 is the second persistent infection, with at least one negative observation in between type-
specific persistent infections, event 3 is the third persistent infection, with at least one negative observation 
in between type-specific infections)

Vaccination Status Event Cases Person time PR per 100 PY PRR per 100 PY

Vaccine types (HPV16/18)

Unvaccinated 1 51 3792 1.35 (1.02–1.77) Ref

2 5 95 5.26 (2.19–2.64) 3.91 (1.56–9.80)

3 0 17    

Vaccinated 1 3 4100 0.07 (0.02–0.23)  

2 0 4    

3 0 0    

Cross-protective types (HPV31/33/45)

Unvaccinated 1 34 3813 0.89 (0.64–1.25) Ref

2 3 60 5.00 (1.61–15.50) 5.61 (1.72–18.26)

3 0 6    

Vaccinated 1 14 4082 0.34 (0.20–0.58)  

2 0 60    

3 0 0    

PR = persistence rate, PRR = persistence rate ratio, py = person years

Table 5: Definitions and analysis of cases and time at risk

Analysis
Method

Case definition Person-time definition

Conditional exact 
method for comparing 
two independent Poisson 
rates using a binomial 
distribution

Two consecutive measurements positive 
for the same HPV type. The participant is 
counted as a case if one or more persistent 
infections occur.

Data for two consecutive rounds counts as 
1 person-year, 
each additional consecutive round adds 
another person-year. After a missing data 
point counting continues. Counting stops 
after event or at the end of follow-up.

Cox PH Two consecutive measurements positive 
for the same HPV type. The participant is 
counted as a case if one or more persistent 
infections occur.

Data for two consecutive rounds counts as 
1 person-year, each additional consecutive 
round adds another person-year. Person 
time is censored at event, loss to follow-up 
or end of follow-up; half-time censoring 
was applied.

GEE Poisson Two consecutive measurements positive for 
the same HPV type. Multiple events can 
occur within one participant. In our study 
to be counted as next infection after at 
least one negative round was observed. The 
number of infections is counted.

Data for two consecutive rounds counts as 
1 person-year, each additional consecutive 
round adds another person-year. After a 
missing data point counting continues. 
Counting stops at the end of follow-up.

PWP-TT Two consecutive measurements positive for 
the same HPV type. Multiple events can 
occur within one participant, in our study 
to be counted as next infection; at least one 
negative round should be observed. The 
number of infections is counted. Analyses 
are stratified for sequential events.

Data for two consecutive rounds counts as 
1 person-year. After a missing data point 
counting continues. Counting stops at the 
end of follow-up.
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The estimated VE for vaccine types using the PWP-TT method was 93.7% (95%CI 
79.7–98.0%) and for cross-protective types the VE was 63.2% (95%CI 28.6–81.0%). 
Despite observing small differences in estimates and confidence intervals with the 
other methodological approaches, the obtained VE estimates and corresponding 
95%CI using any of the methods overlapped with the estimates obtained using the 
PWP-TT method. The VE against persistent HPV16/18 infections measured by the 
different methods varied between 93.7 and 95.1%, and for HPV31/33/45 between 
60.4 and 67.7%, with the lowest point estimates given by the two methods for which 
the model assumptions were not violated. (Fig. 3). 

Figure 3: Crude vaccine effectiveness up to eight years post-vaccination against persistent HPV16/18 and 
HPV31/33/45 infections observed in the HAVANA-study using different statistical approaches
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Discussion

Main findings
Our literature search identified four approaches for calculating the vaccine efficacy/
effectiveness against persistent HPV infections. These different methods vary in their 
underlying assumptions and measures. Based on our observational study, the Cox Pro-
portional hazard and PWP-TT method were the only ones whose assumptions were 
not violated in our observational cohort study data. In addition, the PWP-TT has the 
advantage that it uses information from the complete follow-up time, compared to a 
single event time used in the Cox model. Compared to the PWP-TT, the VE estimates 
against HPV16/18 and HPV31/33/45 calculated by the other methods were quite 
comparable, and seemed robust to violations of the underlying assumptions.

Statistical approaches
The four different methods found in our search vary in their underlying assumptions, 
but also in how they handle missing observations or loss-to-follow up. In our system-
atic search for methods to analyze VE against persistent HPV infections, we found 
both randomized controlled trials and observational studies. An important difference 
is that in randomized controlled trials there is no confounding, while in observational 
studies, adjustment for confounding is needed.

Assumptions
Using data from an observational cohort study we checked whether the assumptions 
of the various methods hold. The proportional hazard assumption for Cox models 
was not violated in our data. However, as follow-up time increases, the proportional 
hazard between vaccinated and unvaccinated might vary over time, for example, if 
vaccine protection might wane or gets boosted by exposure to the virus [53]. Malagon 
et al. suggested waning of HPV-cross-protection after five years post-vaccination [4]. 
However, recent studies did not show indications for waning of cross-protection [14, 
54,55,56]. In our data, the assumption with regard to constancy of the event rate was 
violated in unvaccinated participants, which was to be expected based on existing 
literature about HPV prevalence over time. For example, Lenselink et al. have shown 
an increase in HPV prevalence till 22 years of age [9]. We also checked whether we 
found an event-specific hazard for subsequent infections.

In our study, observed follow-up for a second and third infection among vaccinated 
was small, hence interpretation of the findings in this group is difficult. Among unvac-
cinated, we clearly observed a higher rate of events amongst those who already had an 
event. In the literature so far, no clear consensus regarding the risk for a new infection 
after a previous infection has been reached [8, 57,58,59,60].
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As analyses using PWP-TT are stratified by event number, and slightly wider con-
fidence intervals are estimated, therefore the event-specific estimates could become 
unreliable if there are a limited number of events in a stratum [50].

A problem that might arise when using GEE Poisson models to estimate the VE is an 
excess of zero counts when the vaccine is highly effective, which leads to overdisper-
sion. In the presence of overdispersion, the variance of the parameters within the 
model will be underestimated [61]. Based on the negative dispersion parameter [62], 
it seems that the observed variance within the data was higher than what was expected 
under the GEE Poisson model. However, estimating the VE using a negative binomial 
model showed comparable VE estimates, 95.0% (95%CI 84.1–98.5%) against vac-
cine types and 67.5% (38.2–82.9%) against cross-protective types, which may suggest 
robustness of the estimates despite the presence of overdispersion.

Vaccine effectiveness estimates
The obtained estimates from all the methods where assumptions were violated were 
quite comparable to the CoxPH and the PWP-TT methods, for which assumptions 
were not violated in our observational study. In addition, we observed comparable, or 
slightly higher point estimates, for the observed vaccine effectiveness against vaccine 
and cross-protective HPV-types in comparison to previous studies evaluating vaccine 
effectiveness against persistent infections after vaccination with the bivalent HPV 
vaccine in HPV naïve women [16, 24, 45, 63].

We did not find evidence that the vaccine effectiveness estimates were influenced due 
to a violation of the underlying model assumptions. However, as follow-up time and 
the number of persistent infections increases, significant differences between methods 
might develop. Difference between methods of calculating VE may also occur when 
these methods are applied in study populations at higher risk for HPV infections.

Although we found comparable estimates using different methods, we suggest the 
PWP-TT as a valid and preferable method to estimate the VE against persistent HPV 
infections in observational studies. This recommendation is based our findings regard-
ing the violation of the model assumptions with respect to constant rates or ratios and 
common baseline hazard, combined with available literature, and our comparison 
analysis from complete follow-up data to calculate VE against persistent HPV infec-
tions in observational studies.

For our analyses, we used a combined endpoint of vaccine and cross-protective types 
to estimate the VE. An alternative for using combined endpoints would be measuring 
type-specific VEs and pooling these. A limitation of the PWP-TT method when using 
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a combined endpoint for multiple HPV types is that simultaneous infections cannot 
be counted separately, while infections for different types later in time are counted 
as separate events. However, running type-specific vaccine effectiveness models will 
overcome this potential limitation.

Conclusion

For the four methods used to calculate VE in our observational study, the estimates 
were comparable between those that did not violated statistical assumptions, the 
CoxPH and the PWP-TT methods, and those that did violate assumptions, GEE 
using a Poisson and conditional exact methods.

For monitoring the effectiveness of HPV vaccination in cohorts of young adolescents/
adults with increasing HPV prevalence the PWP-TT approach seems is recommended 
as valid and preferable, as it considers the varying rates of events and uses data of the 
whole follow-up period. A limitation when using this method might occur when 
using combined endpoints for multiple HPV types, since this cannot be taken into 
account in the model. Further studies should focus on populations with higher HPV 
persistence rates in order to confirm our findings.
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Supplementary data

Additional file 1: Search query
Search criteria for the Systematic literature search regarding vaccine effectiveness/efficacy against persistent 
HPV infections. 

#1 Search papillomavir*[tiab] or hpv[tiab] or hpv*[tiab] or papilloma*[tiab] or 
papillomaviridae[mh] #73441

#2 Search vaccin*[tiab] or immunisat*[tiab] or immunizat*[tiab] or vaccines[mh] or 
vaccination[mh] or immunization[mh:noexp] or papillomavirus vaccines[mh] 387929

#3 Search persist*[tiab] 446196

#4 Search effectiv*[tiab] or effica*[tiab] 387929

#5 #1 AND #2 AND #3 AND #4 425
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ABSTRACT

The current study describes the long-term effectiveness of three-dose HPV16/18 vac-
cination among Dutch women who were eligible for vaccination during a catch-up 
campaign and were followed in an observational cohort study. Ten years post vaccina-
tion, vaccine effectiveness (VE) was estimated using generalized estimating equation 
models. VE against persistent infections with vaccine type infections (HPV16/18) 
was high at 95.8%. For cross protective type persistent infections (HPV31/33/45) 
this was 64.6%. There were no indications of waning of protection over time. This 
indicates solid long-term protection is provided by the vaccine and is promising with 
regard to the future clinical impact.
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Introduction

Human papillomavirus (HPV) infections are common sexually transmitted infections, 
with an estimated lifetime risk of about 80 % in Western countries [1]. Although 
the majority of infections will be cleared spontaneously within 18 months, some 
infections may persist and cause disease [2]. Cervical cancer is the most common 
HPV associated cancer, with virtually all cases attributable to persistent high-risk (hr) 
HPV infections; Twelve hr types have been identified, of which hr types HPV16 and 
HPV18 are responsible for 70 % of all cervical cancers [3]. The bivalent HPV vaccine 
(2vHPV) targeting HPV16 and HPV18 has been included in the Dutch National 
Immunization Program (NIP) for 12-year-old girls since 2010. In 2009, a one-off 
catch-up campaign took place for girls aged 13 to 16 years (birth cohorts 1993–1996)
[4].

Currently licensed HPV vaccines are prophylactic and should therefore be provided 
at young age, preferably before sexual debut. This explains why long-term protection 
following HPV vaccination is important, as many sexually active years should be 
bridged. Since disease progression is slow, the World Health Organization recom-
mended monitoring of vaccine efficacy and effectiveness (VE) based on intermediate 
endpoints like persistent infection and precancerous stages, in particular high-grade 
cervical intraepithelial neoplasia (CIN2 + ) [5]. Efficacy against persistent hr HPV 
infections or high-grade CIN related to vaccine HPV types has been shown to be 
high (>90 %) [6], but observational data are important to also evaluate the effec-
tiveness of vaccination in the general population. In particular, protection against 
vaccine-targeted and non-targeted HPV types (cross protection) and the duration of 
protection determine the long-term impact of the vaccine.

The aim of the current study is to estimate the long-term direct vaccine effectiveness of 
the 2vHPV vaccine against incident and persistent HPV infections after a three-dose 
(3D) schedule in a population-based setting. We report VE over time up to ten years 
post-vaccination among Dutch women who were eligible for 3D HPV vaccination in 
a catch-up campaign, separately for vaccine types and cross protective types 31/33/45 
for which consistent efficacy against 6-month persistent infection and CIN2 + was 
observed in the PATRICIA trial [7].
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Methods and materials

Study design
The design of the study used for the current analyses has been described extensively 
before [8]. Briefly, a longitudinal cohort study was established for surveillance pur-
poses following the catch-up campaign in 2009/2010 (HAVANA, birth cohort 
1993–94). Vaccine-eligible girls were invited for participation and signed an informed 
consent form before inclusion in the study. Vaccination status of participants was 
acquired through the national vaccination registration system, Praeventis [9]. Yearly, 
participants filled out a web-based questionnaire and collected a vaginal self-sample 
(Viba-Brush; Rovers Medical Devices, Oss, the Netherlands). This study adhered to 
the tenets of the Declaration of Helsinki and was approved by the Medical Ethics 
Committee of the VU University Medical Center in Amsterdam (2009/022).

HPV DNA detection and genotyping
Self-collected vaginal samples were tested for HPV DNA using the SPF10–DEIA-
LiPA25 platform (Labo Biomedical Products, Rijswijk, the Netherlands) as described 
before [8]. The assay is able to detect 25 HPV genotypes, including hr HPV types 16, 
18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59. Additionally, it can detect 12 low-risk 
(lr) HPV types: 6, 11, 34, 40, 42, 43, 44, 53, 54, 66, 70 and 74. HPV types 68, 73, 
and 97 could also be detected. However, no distinction between these types could be 
made in the assay, and they were therefore all classified as HPV68.

Statistical analysis
Only participants with a sample in round 0 (first study year comprising the baseline 
measurement pre-vaccination) and who completed a three dose schedule or were 
unvaccinated, were included for VE analysis. Missing follow-up data in the question-
naires was imputed using the last observation carried forward approach. Type-specific 
infections were determined among all participants who handed in a sample in that 
particular round. Type-specific incident infections were defined as being positive for 
a specific HPV type, preceded by a negative sample in the previous year. Persistent 
infections were defined as being HPV positive for the same HPV type in two consecu-
tive years (12 month interval), preceded by a negative sample.

Sociodemographic characteristics and sexual behavior among vaccinated and unvacci-
nated girls were described per study year. The overall associations of these characteris-
tics with vaccination status (and thus differences in characteristics between vaccinated 
and unvaccinated girls) were analyzed by a generalized estimating equation model 
(GEE) with an exchangeable correlation structure. Dichotomous outcomes were ana-
lyzed by a binomial model with logit link and continuous outcomes were analyzed 
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by a linear normal model. Additionally, we examined possible differences in trends 
over time between vaccinated and unvaccinated participants by adding an interaction 
term between time and vaccination status to the model. Sociodemographic and sexual 
characteristics that were statistically significantly associated with vaccination status 
or showed a significantly different trend over time were considered for inclusion as 
covariate in the adjusted VE analyses. P-values < 0.05 were considered significant.

Type-specific VE estimates against incident and persistent infections for all hr HPV 
types available in SPF10–DEIA-LiPA25 were calculated. Additionally, combined end-
points were constructed based on the following combinations of hr HPV types: vaccine 
types (HPV16/18), cross-protective types (HPV31/33/45), all hr HPV types, all hr 
HPV types included in the nonavalent vaccine (HPV16/18/31/33/45/52/58), and lr 
HPV types included in the quadrivalent or nonavalent HPV vaccine (HPV6/11). VE 
was estimated using the Prentice Williams Peterson Total time (PWP-TT) approach, 
which has been demonstrated as a valid approach in case persistent infections are 
modeled in the presence of recurrent events [10]. The PWP-TT is an extension of Cox 
regression that can accommodate recurrent events by considering an event-specific 
hazard for subsequent events. Crude and adjusted event-specific hazards were calcu-
lated, using age, urbanization degree, ever used contraception, and ever had sexual 
intercourse as time-varying covariates for the adjusted hazards. VE was calculated as 
1 minus the hazard ratio times 100 %. Additionally, we analyzed the VE for the first 
period after vaccination (<5years) and from then onward (≥5 years) in order to study 
possible differences in protection over time. All statistical analyses were performed 
using SAS software package version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results

Study population HAVANA
At baseline, 1635 girls were included in the VE analyses up to 10 years post-vaccina-
tion. Table 1 describes the sociodemographic characteristics and sexual behavior char-
acteristics per study round for unvaccinated and vaccinated participants separately. A 
significant association between vaccination status and age, urbanization degree, and 
the age of sexual debut was observed. Vaccinated participants were slightly younger, 
were less likely to live in low urbanization areas, and were less likely to have their sexual 
debut before 15 years of age compared to unvaccinated participants. Furthermore, a 
statistically significant interaction term between time and vaccination status was seen 
for ever using contraception and ever having sex, indicating that over time, vaccinated 
participants were more likely to ever have had sex or ever have used contraception 
compared to unvaccinated participants.
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Vaccine effectiveness up to 10 years postvaccination
The VE analyses in the HAVANA cohort were performed comparing incident and 
persistent infections between vaccinated and unvaccinated participants up to 10 years 
post-vaccination, both on a type-specific level and for pooled outcomes. Type-specific 
rates of incident and persistent infections are reported in Supplementary Table 1. 
Age, urbanization degree, ever used contraception and ever had sex were included 
in the adjusted VE analyses. Type-specific vaccine effectiveness is reported in Fig. 1 
(panel A and B) for incident and persistent infections and was statistically significant 
for HPV16, 18, 31, and 45 (the latter only against incident infections). This aligned 
well with the pooled outcomes (Fig. 1; panel C and D), where a significant VE against 
persistent vaccine types HPV16/18 infections was observed (VE: 95.8 %, 95 % 
confidence interval (CI) 86.6–98.7 %), as well as against persistent cross protective 
type infections (HPV31/33/45; VE 64.6 %, 95 % CI 37.6–79.9 %). No effect was 
observed against hr HPV type 33 or against the lr HPV types 6 and 11, the latter types 
being associated with genital warts and not targeted by the 2vHPV vaccine. Overall, 
VE was higher against persistent infections compared to incident infections and was 
also higher after adjustment for covariates. Short-term vaccine effectiveness (up to 5 
years post-vaccination) and long-term VE (>5 years post-vaccination) were compared 
for vaccine types and cross protective types. No marked decline in effectiveness against 
persistent infections over time was observed (Supplementary Table 2).

Discussion

We studied vaccine effectiveness up to 10 years post bivalent HPV vaccination in 
a population-based cohort study including women eligible for the Dutch catch-up 
campaign. High VE was observed against 12-month persistent infection with vaccine 
types HPV16/18 and cross protective types HPV31/33/45 (both pooled outcomes), 
with no indication of waning over time. This indicates direct, long-term vaccine ef-
fects which will likely result in a substantial reduction of clinical disease over time.

The results from the current study are in line with previous findings from this cohort up 
to six years post-vaccination [8], which could now be extended to a ten-year follow-up 
period. Although observational data about the 2vHPV vaccine is limited, our results 
compare well with other real-world studies on protection against vaccine type HPV 
infections following 2vHPV vaccination; follow-up data on prevalent HPV infections 
in England has been collected up to eight years post-vaccination and indicated a VE 
of 82.0 % [11], while post-vaccination surveillance data in the Netherlands from a 
high-risk population indicated a VE of 89.9 % [12]. The Costa Rica Vaccine Trial has 
the longest follow-up for the bivalent vaccine of 11 years, and reported a cumulative 
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vaccine efficacy against HPV 16/18-associated CIN2 + of 97.4 %, in accordance with 
our VE estimate for persistent HPV16/18 infections of 95.8 % [13]. This also indi-
cates the correspondence between clinical trial and real-world data. Early evidence on 
the effect of vaccination on cancer is also emerging. Studies from the United Kingdom 
and Sweden indicated substantial risk reductions in cervical cancer among girls who 
were offered HPV vaccination compared to unvaccinated cohorts [14], [15]. Together 
with the long-term vaccination effects as shown in the current study, this further 
strengthens the impact of HPV vaccination.

Additionally, we observed long-term cross protection which contributes to the impact 
of the 2vHPV vaccine. A pooled analysis with four year follow-up data from the 
Costa Rica Vaccine Trial and the PATRICIA trial showed a vaccine efficacy of 67.6 % 
against persistent HPV31/33/45 infections, compared to 64.6 % in our study [16]. 
A main contribution of our study is that we showed that protection lasted for a long 
time, with no substantial differences in VE for the first 5 and next 5 years following 
vaccination. However, in the current analyses we did not observe protection on a 
type-specific level against HPV33 infections, nor did we observe a protective effect 
against persistent infections with HVP51 and HPV52, as indicated by some previous 
studies and EMA-EPAR documentation [7], [16], [17]. Our findings regarding these 
types might be related to the low sample sizes at the type-specific level, since the 
study-specific confidence intervals of the VEs for HPV33, HPV51, and HPV52 are 
overlapping. Continued monitoring of infections in the current study may increase 
sample sizes and lead to more robust and reliable effectiveness estimates regarding 
these HPV types.

Strengths of the current research includes the use of observational data from a lon-
gitudinal cohort and the length of follow-up. However, we do acknowledge some 
limitations. First, in our cohort, educational level was slightly higher as compared 
to the general Dutch population which might affect generalizability of the findings 
[18]. Second, the current cohort represents women who were eligible for a catch-up 
campaign and where therefore older compared to the girls in the routine program, 
increasing the likelihood of exposure to HPV before vaccination.

In conclusion, we observed high vaccine effectiveness of the 2vHPV vaccine against 
persistent vaccine type and cross protective type infections in a population-based 
observational study with long-term follow-up, indicating solid individual-level pro-
tection through the HPV vaccination program over time.
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Supplementary Table 2: Adjusted vaccine effectiveness by years since vaccination

VE vaccine types 
(HPV16/18)

VE cross-protective types 
(HPV31/33/45)

Incident infections

< 5yrs ago 76.9% (62.3-85.8%) 56.0% (31.0-72.0%)

≥ 5 yrs ago 81.9% (66.9-90.1%) 42.5% (12.9-62.0%)

Persistent infections

< 5yrs ago 100% (72.2-100%)* 43.4% (-48.3-78.4%)

≥ 5 yrs ago 93.2% (78.1-97.9%) 71.9% (42.6-86.2%)

*For HPV types with no infections among vaccinated participants, confidence were calculated using the Peto 
estimator for the hazard ratio, based on the log-rank statistic).
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This thesis continued the research activities related to monitoring of HPV vaccination 
within the National Immunization Program of the Netherlands. Focus was on vaccine 
effectiveness and immunogenicity, especially on the long-term effects following vac-
cination using intermediate endpoints. This is especially important since the time gap 
between implementation of the vaccination program and effects on clinical outcomes 
is considerable. Assessment of intermediate endpoints aid in timely evaluation of the 
program, which is important for public health. Our findings should be viewed within 
the larger picture of monitoring studies, which together have added to the growing 
pile of evidence of the highly beneficial public health effects of HPV vaccination in 
the real-world setting. In this general discussion the most important findings and 
implications from this thesis will be elaborated on, and future recommendations for 
research and conclusions will be shared.
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Summary and discussion of  main findings 

Part 1: Vaccine and natural infection induced immune responses
Serological measurements are important in HPV research, since these can indicate 
(cumulative) previous exposure to the pathogen or vaccine. Vaccine induced and 
naturally induced immune responses (specifically antibody levels) can be distinguished 
by their levels; vaccine induced antibody levels are much higher compared to naturally 
induced levels. The induced immune response and following antibodies are mainly 
type-specific; HPV vaccines induce protection against specific targeted hr types, 
sometimes supplemented with cross protection. Also, after natural infection, protec-
tion against subsequent infections is assumed to be type-specific, if it is acquired at all. 

In chapter 2, we explored seroprevalence of seven hr HPV types 
(HPV16/18/31/33/45/52/58) comparing a pre- (2006/2007) and post-vaccination 
(2016/2017) implementation time period among the unvaccinated Dutch popula-
tion. It was shown that the overall seropositivity in the unvaccinated population 
was not affected by the recent introduction of the HPV vaccination program among 
teenage girls in the Netherlands. While herd effects among unvaccinated individuals 
may cause a shift in HPV seroprevalence, this effect was not yet observed. In fact, 
HPV seroprevalence even increased over the past decade among unvaccinated women, 
while it was stable among men. Results were adjusted for sociodemographic character-
istics and sexual behavior (which might change over time), but this could not explain 
the observed changes in seroprevalence. Therefore, follow-up of the Pienter studies 
is recommended; since not everybody seroconverts after HPV infections, (shifts in) 
past exposure measured through serology takes a long time to become detectable. 
Combined with the suboptimal vaccination uptake in the Netherlands, shifts in sero-
prevalence, induced by herd immunity, might become detectable in the near future. 

Furthermore, in chapter 3, the long-term follow-up of serological response following 
vaccination in a catch-up cohort was described for the same HPV types as mentioned 
above and compared to serological measurements among unvaccinated individuals 
from the same cohort. IgG antibody levels of vaccine HPV types remained high up 
till nine years past vaccination. Regarding cross protective HPV types, higher anti-
body levels were observed among vaccinated compared to unvaccinated individuals. 
Although antibody levels of cross-protective types were much lower than those of 
HPV16/18, this does indicate some cross-protective activity following vaccination. 
IgG antibody levels from vaccinated women who reported an HPV infection were 
compared to those without infection, but no significant difference in the antibody 
levels were observed the year before infection. Hence, no conclusions about a mini-
mum level of IgG response (also known as a correlate of protection) can be drawn and 
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this suggests that other (immune or environmental) factors besides the antibody level 
determine final effectiveness of the vaccine. 

In chapter 4 we focused on long-term immune responses following the different HPV 
vaccines and dosing schedules. The longest follow-up of 14 years was reported for the 
three-dose schedule of the bivalent vaccine, while serology data for the one and two-
dose schedule and the nonavalent vaccine had a much shorter follow-up . Further-
more, the similarities and differences between the vaccines regarding cross protection 
were discussed, indicating that the bivalent vaccine showed highest immune responses 
against non-vaccine types. Importantly, both real-world data and model predictions 
for the three-dose schedule did not show waning antibody levels against vaccine HPV 
types over time; this is an important factor to consider as (life)long protection adds to 
the health benefits of HPV vaccination. 

In general, serology measurements are informative concerning previous exposure to 
HPV infection or vaccination. Serology is an easy and accessible tool for monitoring 
population-based shifts as compared to DNA status and can provide insight into 
both increases and decreases of HPV types; seroprevalence shifts in (nonvaccine) HPV 
types can be informative about HPV circulation among the unvaccinated population 
[1]. Over time, a population-based decrease in serology of vaccine types is expected 
in the unvaccinated Dutch population, although that was not yet observed in the 
current study. Our findings on the seroprevalence in the population after vaccination 
introduction are in line with those from the United States, where suboptimal vaccina-
tion uptake is a problem as well and no signs of herd immunity on the seroprevalence 
in the (male) population was observed [2]. In countries with higher uptake a shift in 
seroprevalence is already noticeable, indicating that herd effects (measurable through 
seroprevalence) in the Netherlands might develop in the near future[3]. 

We also observed persisting antibody responses against HPV16,18,31,33,45,52 and 
58 up to nine years post vaccination. These findings were in line with previous trials 
and other observational studies examining the immunogenicity of the bivalent vaccine 
[4, 5]. Nevertheless, serology measurements remain complicated in their interpreta-
tion on the individual level, both among vaccinated and unvaccinated individuals; a 
correlate of protection would simplify these evaluations. To clarify, if a certain level 
of antibodies is required for protection, identification of individuals who have not 
reached sufficient protection following vaccination or previous exposure would be 
much simpler [6]. For program evaluation purposes a correlate of protection would 
also be useful; long-term protection, new vaccines, and reduced dosing schedules can 
then easily be assessed based on a target threshold. However, it is assumed that even 
at low antibody levels, protection can be reached and indications for breakthrough 
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infections would be difficult to identify. Therefore, it is likely that besides antibody 
levels also other factors are involved in the immune response and final success of HPV 
vaccination [7]. 

Research efforts on defining a correlate of protection have been limited. Established 
clinical trials with long follow up could, theoretically, focus on identifying vaccine 
failures or breakthrough infections among their participants and evaluate past im-
munological measurements in these individuals. If these individuals show deviating 
serological responses (i.e. lower antibody levels from the start, no response to the 
vaccine, waning antibody levels) then that could aid in the search for a correlate of 
protection. However, practically this type of research is difficult to conduct, because 
of the very limited number of breakthrough infections as a result of the high efficacy 
of the vaccines and the high immune responses. 

Part 2: Effects of  HPV vaccination on genital HPV infection
Data on infections at the individual- and population-level provide an important 
source of information for the evaluation of (HPV) vaccines. While the former can 
be used to assess the direct effect of a vaccine, the latter indicates whether effects are 
also observed outside the targeted population. In the case of HPV, we are aiming 
for protection against clinical disease caused by HPV but this may take very long to 
develop. Therefore, incident, persistent and prevalent infections have their own value 
in research, although all of them are intermediate endpoints. 

In chapter 5, prevalent infections were assessed among sexual health clinic visitors 
over time, as an indicator of population-level effects. We observed declining trends 
of vaccine HPV types not only among vaccinated, young women, but also among 
unvaccinated women and men from the same age. This indicates that herd protection 
becomes measurable in the population, with clearer results as time since the intro-
duction of the vaccination program progresses. Since the effects took some time to 
become apparent, further follow up of this study seems useful; effects on other (cross 
protective) HPV types might take longer to develop. Besides, also the (inconsistent) 
increase in the number of HPV types is important to notice, since this may be indica-
tive of type replacement. Both observations are valuable and can be used in policy 
recommendations and vaccination campaigns.

In chapter 6, vaccine effectiveness against incident HPV infections following a regu-
lar two-dose schedule was assessed among adolescent girls. We showed a significant 
vaccine effectiveness against vaccine types and cross protective types up to three years 
after vaccination. This is important because mainly immunobridging studies were 
used to justify the switch from three to two doses for young girls. Further research 
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should determine the long-term effectiveness of a two-dose schedule and include a 
comparison to the three-dose schedule. Additionally, the long-term cross protective 
effects should be further evaluated. Since the first two-dose results do not show differ-
ences in protection compared with the three-dose schedule, use of a two-dose schedule 
seems justified. Notably, some trials already showed encouraging results for one-dose 
vaccination and prolonged data on two-dose vaccination, which may further simplify 
the HPV vaccination program. 

In chapter 7, different methods to study vaccine effectiveness were collected, compared 
and assessed. Especially longitudinal data contain missing observations and repeated 
events. It is important to use an analysis method that can handle this in the right 
way, without compromising the data or losing valuable information. The Prentice 
Williams and Peterson total time (PWP-TT) approach was selected as suitable for the 
current data, since all measurements (also recurrent events) could be included in the 
model and the model assumptions were not violated. However, the different statistical 
methods that were identified and evaluated yielded similar estimates of the VE. There-
fore, the main value of the study was to provide an overview of different methods 
and indicate the importance of selecting the right method for the data. Differences 
between VE estimates may become larger when data is collected over a longer period 
of time and the impact of violation of assumptions, such as a constant event rate, 
becomes more important. The choice of the method may also become more important 
with an increased number of missing follow-up observations and recurrent events. 

Finally, in chapter 8, the long-term follow up of the three-dose schedule was as-
sessed using the method described in chapter 7. Data from the HAVANA cohort were 
used, which includes vaccinated and unvaccinated women from the catch-up cohort 
(1993/1994). This 10-year follow-up showed no indications for waning protection 
over time, as the VE against persistent vaccine type infections remained very high. This 
was also the case for cross protective types. Concerning the three-dose schedule and 
evaluation of the long-term HPV vaccine effectiveness, clinical outcomes are becom-
ing measurable as the first women who were eligible for vaccination are approaching 
the screening start age. Showing the (long-term) protection against pre-stages and 
actual cancer development in screening data is very important and may positively 
influence the HPV vaccination uptake. 

HPV DNA data form an important source of information to bridge the gap between 
vaccination implementation and clinical disease. We were able to show effects of the 
vaccination program on the population-level: after two and three-dose schedules, the 
vaccine effectiveness against vaccine types was high, in line with findings from other 
clinical trials and observational studies in countries using the bivalent vaccine [8, 9]. 
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For the vaccine types, declining trends were observed among the general population 
(vaccinated and unvaccinated women, and heterosexual men) [10]. This indicates the 
proper working mechanisms of the vaccine, the beneficial effects of which spread 
through the population in place and time.

Besides the bridging function, studying HPV infections has other advantages; for 
instance, type-specific information can be used to calculate vaccine effectiveness 
against vaccine types and cross protective types separately or combined, providing 
detailed information on the effects of the vaccine. In our studies, cross protection was 
observed for non-vaccine targeted HPV types, mainly in line with previous studies 
[11, 12]. Also, for population-level impact type-specific information is important, 
as HPV prevalence might not only decrease among vaccinated individuals but also 
among unvaccinated individuals. It is important to take all effects of HPV vaccination 
into account, direct effects to vaccine types, cross-protective effects, and indirect herd 
effects, as this provides a more complete picture of the vaccine effects. These might 
also include specific HPV type increases as experienced in both our and other studies, 
although consistent patterns could not be shown [13, 14]. 

While long-term data on the infection level were shown in this thesis, we still await the 
first clinical study outcomes from the Dutch screening program concerning protection 
of HPV vaccination against cervical lesions and malignancies. However, a study on 
opportunistic screening indicated positive effects on HPV positivity and cytological 
abnormalities among vaccinated young women [15]. Also research from abroad is 
reassuring on this matter [16] and our current studies all indicate consistently high 
effectiveness of HPV vaccination against genital HPV infections and high vaccine 
induced immune responses. Therefore, these findings are convincing regarding future 
clinical impact and beneficial long-term effects of the vaccine. 

Reflection - Methodological considerations
In this thesis observational data was used, available from (repeated) cross-sectional 
studies (Pienter and PASSYON) and prospective cohort studies (HAVANA and 
HAVANA2). Observational data has several drawbacks as compared to experimen-
tal data, but at the same time provides a very important information source; they 
are representative for real world data collected in population-based studies instead 
of clinical trials. Therefore, circumstances are less ideal and pre-existing differences 
between participants might affect the outcomes, something that is accounted for by 
randomization in clinical studies. However, the effect of vaccination is something that 
should be studied in the real world after the clinical trial phase in order to observe the 
final effects, since nonoptimal circumstances are part of the real world [17]. 
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Challenges in (repeated) cross-sectional studies include the differences in the 
population over time and how these differences are captured, in our studies through 
questionnaires on demographic information and sexual behavior, which can be prone 
to recall bias or socially desirable answers. While this was assessed as thoroughly as 
possible, residual confounding could not be ruled out (i.e., information that cannot 
be corrected for, as it is not known or not available). Challenges in the design of 
prospective cohort studies include lack of information about the expected number of 
events that would occur during the study period. That was observed in both HAVANA 
and HAVANA2, where VE estimates for combined end-points were reported because 
of lack of power at the type-specific level.

Another methodological challenge from (mainly) the HAVANA studies was that mea-
surements were taken with a one year interval. This means that we may have missed 
infections that occurred and cleared between two measurements. If these undetected 
infections occur more often among vaccinated than among unvaccinated individuals, 
then the reported vaccine effectiveness estimate overestimates the effect of the vaccine 
on the HPV infection rate. However, we think that if an infection occurs and clears 
within a 12-month period this may indicate that the clinical relevance of this infec-
tion is low.

A final methodological challenge is that infections may also have been missed due 
to technical reasons, for instance because the viral load remains below the detection 
limit. We used the SPF10-DEIA-Lipa platform for assessing infections in our cohort 
studies, which is a very sensitive method and therefore a useful tool in epidemiological 
research. Note that this test is not recommended for assessing clinically relevant infec-
tions in screening, as these require tests with a high specificity (like the GP5/6+ test, 
amongst others). Thus, although we may have missed a few short-lived infections, 
we think that only a small proportion of the reported infections has the potential to 
persist and progress to CIN2/3 [18]. 

Study design is very important in HPV vaccination evaluation in general. The study 
population, endpoints that are used, and frequency of visits affect the findings. For 
example, in a trial with a short interval between measurements, slowly progressive 
lesions will be picked up as CIN2 and rapidly progressive lesions will be picked up as 
CIN3. If vaccine type infections progress more rapidly than non-vaccine type infec-
tions, vaccine efficacy against CIN3 will be higher than against CIN2. It is plausible 
that this holds for HPV16, but it may also apply to the cross-protected HPV types. 
Although cross protection against HPV31/33/45 (and some other types to a lesser 
extent) is broadly acknowledged for bivalent HPV vaccination [19], how the cross 
protective effect is empirically established is important to consider: when CIN2 is 
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treated once detected, that will be in favor of rapidly progressive type infections such 
as HPV 16, 31, and 33 infections [20]. This effect leads to a relatively high total effect 
for rapidly progressive HPV type infections and an optimistic view on cross protection 
against CIN3 for 2vHPV vaccination. Thus, establishing efficacy, effectiveness and 
cross protection and comparing it between studies and (maybe even more important) 
between vaccines, largely depends on the research design and requires studies to be 
conducted exactly alike in order to make a proper comparison.

Future perspective and research

Monitoring
In most research and monitoring, samples are collected for HPV DNA testing by a 
vaginal brush or cervical smear. Alternatively, other (monitoring) tools could also be 
considered. For example, some Scandinavian studies have already focused on urine 
collection as a method to detect HPV infections. Collection of urine is easy and not 
invasive and can also be done in males. There is still uncertainty about the standardiza-
tion and sensitivity of urine-based tests, which hampers the implementation of urine 
sampling as a monitoring tool[21]. Nevertheless, in research settings urine sampling 
could simplify the collection and analysis method and an increased frequency or 
sample size could be achieved against limited efforts. Both would result in increased 
power for the vaccine efficacy or effectiveness estimates. Further research could focus 
on the comparison between urine testing and established (monitoring) methods in 
order to further explore its applicability.

Changes to the Dutch immunization program 
Recently, changes to the existing vaccination program have been implemented in 
the Netherlands after an advice of the Health Council in 2019 [22]. These include 
lowering of the age of vaccination to nine years (in the year children turn ten) and 
adding boys to the regular program in order to further lower the total HPV related 
disease burden. Moreover, a catch-up campaign was conducted for all young people 
(boys and girls) up to the age of 18 years in 2022. This campaign continues in 2023, 
with an additional opportunity to get vaccinated for everyone from 18 to 26 years 
old. Sex neutral vaccination is offered in an increasing number of countries, including 
Australia, Canada, the USA and Austria. 

Non-cervical HPV associated disease
The new HPV vaccination strategy has several consequences. First, the preventive 
impact of the vaccination program on disease is likely to increase, since boys will 
be added to the program resulting in better prevention of disease burden of (non-
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cervical) (pre-) cancers among this group; the age is lowered which increases the 
opportunity to vaccinate adolescents before sexual debut (which decreases the chance 
of HPV exposure pre-vaccination). Furthermore, vaccinating boys along with girls 
will lead to both direct protection among this group and further reduction of HPV 
transmission in the population (protecting unvaccinated girls through increasing herd 
effects). This effect might even be stronger than the direct effect for boys [23]. Ad-
ditionally, by offering the vaccine to all boys, future men who have sex with men will 
be reached as well. This is a high-risk group that has not been targeted nor reached by 
the program so far, as MSM do not benefit from the herd effects that are established 
in the heterosexual population [24]. Together, this will likely lead to an increased 
population-level impact. The expected reduction in disease burden in the Netherlands 
depends on the final vaccine uptake, but with sufficient uptake a substantial part of 
HPV-related cancer can be prevented. This will shift the focus from a cervical cancer 
vaccine towards a broader perspective including prevention of all HPV associated 
disease, which is already the intent of the sex neutral vaccination campaign.

Vaccination shortage, is 1D the solution?
A consequence of the sex-neutral vaccination strategy is an increased need of vac-
cines in the Netherlands. This is an international problem; the continuing high global 
demand for HPV vaccines has created significant challenges. Due to the introduction 
of the vaccine in countries around the world, there has been a vaccine supply shortage 
although suppliers are expected to better meet the high demand in the near future. 
In a time where HPV vaccines are scarce and expensive, questions about the use 
of HPV one-dose schedules seem legitimate. Besides, an increased vaccine demand 
in the developed world might even slow down implementation of HPV vaccination 
programs in low and middle income countries, something that should be avoided as 
the disease burden is disproportionately high in these countries [25]. The case for a 
one-dose schedule is therefore important. Several studies including post-hoc analyses 
from trial data (the first one-dose trial with 18 months follow-up), and real-world 
effectiveness already show non-inferior effectiveness from one dose of HPV vaccina-
tion against HPV16/18 [26-29]. Antibody levels were lower after a one-dose schedule 
compared to two or three doses, but still substantially higher compared to natural 
infection and robust over time [26]. Moreover, the high effectiveness that is observed 
following the (reduced) two-dose schedule, does not indicate any signs of diminished 
protection compared to the three-dose schedule. Hence, a further reduction from two 
to one dose deserves further consideration. Besides, the accelerated use of a single-
dose schedule is suggested as (part of the) solution for the implementation of HPV 
vaccination across the world, which is falling behind in LMIC [30]. 
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Considering the increasing pile of evidence, the Strategic Advisory Group of Experts 
on Immunization (SAGE) recently advised the WHO on reduced dosing schedules; a 
one or two-dose schedule is recommended for the primary target of girls aged 9-14 and 
for young women aged 15-20. For women older than 21, two doses with a 6-month 
interval are recommended [31]. Also the Joint Committee on Vaccination and Im-
munisation (JCVI) advised a one-dose schedule for the routine adolescent program 
before 25 years of age to the UK government [32]. Also the Dutch Health Council 
has updated the vaccination advice, according to which all invitees are now offered 
two vaccine doses, instead of three doses for people >15 years of age [33]. Likely, 
these advices will lead to accelerated implementation of reduced dosing schedules in 
the upcoming years globally; hopefully this will be encouraged both in LMIC and in 
developed countries, in order to ensure better access to prevention around the globe. 
Also, in the Netherlands introduction of a one-dose schedule might have beneficial 
effects, for instance for the vaccine uptake, although this was not yet included in the 
most recent advice.

Improvement of  vaccine uptake
From the start, HPV vaccine uptake has fallen behind compared to other vaccines 
in the Dutch NIP, although recent numbers do show an increase. This phenomenon 
is also observed in other countries and likely has several explanations: the connec-
tion with sexual activity while the vaccine is ideally provided before sexual debut, 
may cause discomfort among parents. Furthermore, the long incubation time be-
tween HPV infection and disease development may lead to diminished perceived 
individual risk. On the other hand, the perceived risk of experiencing side effects of 
HPV vaccination are high; although VLP vaccines are among the safest there are in 
use, questions about safety of HPV vaccination remain an issue, leading to vaccine 
hesitancy and lower vaccine uptake. These parental concerns may be can be amplified 
by lobbyist groups (as seen in Ireland) and lead to doubts about HPV vaccination 
[34]. Although multiple studies have shown the safety of HPV vaccines, the targeted 
age group complicates this statement; among adolescent girls, hormonal changes are 
causing discomfort in general, which can then incorrectly be assumed to be causally 
related to the vaccine. Together, these factors are likely to be contributing to a lower 
uptake of the HPV vaccine compared to other NIP vaccines, where the uptake reaches 
up to 95%. 

The changes to the HPV vaccination program concerning age and gender provide an 
opportunity to promote the vaccine again and to improve the uptake. It is important 
that parents are able to make an informed decision about vaccination, thus sufficient, 
understandable information is necessary and might require a change in the communi-
cation strategy. The shift in communication from a ‘HPV vaccine’ to an ‘Six cancers 
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vaccine’ already indicates the changing perspective. Perhaps this should be combined 
with more information on (study) results from abroad in order to convince people of 
the safety and impact of HPV vaccination. Moreover, the lower age and sex-neutrality 
of the program on itself might already lead to an improved uptake, as it unlinks the 
vaccine and (the start of ) sexual activity. Furthermore, research has shown that logistic 
aspects (like school based vaccination instead of mass vaccination) could also be con-
sidered as factors that can aid in an improved vaccine uptake [35]. Perhaps strategies 
from abroad can also be used to improve the Dutch program; for example, in Ireland 
a vaccination alliance was established following an HPV vaccination crisis in order to 
raise awareness of HPV vaccination. Combined with an active social media campaign 
this aided in the improved uptake [34, 36]. Although the Netherlands already has a 
vaccination alliance, its impact may still be improved.

Besides logistic and information aspects, general awareness of the threats of infectious 
diseases can also be important in the willingness to accept vaccination. The Covid-19 
pandemic has led to structural disruptions of regular immunization programs all over 
the world, including HPV vaccination. Moreover, this may have delayed the introduc-
tion of HPV vaccination in LMIC. Also, in Europe and other Western countries 
vaccination and screening activities have been interrupted due to the pandemic. In 
the Netherlands, invitations for the second HPV vaccine dose were delayed, as was 
the case for the cervical cancer screening program invitation. Hence, it is important 
to consider some lessons to be learned from this crisis: For instance, Arbyn et al sug-
gest that the COVID-19 pandemic might lead to more efficient prevention through 
improved use of resources, for example by using evidence-based protocols among 
women who are at high-risk and by extended use of self-sampling [37]. Moreover, the 
Covid-19 pandemic might have led to increased awareness about the threats of infec-
tious diseases and the possibilities that vaccination offers. It is important to closely 
monitor the uptake of NIP vaccines in the upcoming period to observe whether the 
pandemic causes positive or negative shifts in vaccination acceptance. 

Integration of  prevention strategies
Prevention strategies of (cervical) cancer can include screening besides vaccination. 
However, with the expansion of HPV vaccination programs, proper integration of 
these two strategies is required. For example, in the Netherlands the first vaccinated 
cohort is entering the national screening program in 2023. What is the residual 
need for screening? Should vaccinated and unvaccinated women be offered different 
screening strategies in order to prevent ‘over’ screening among vaccinated or ‘under’ 
screening among unvaccinated women? Due to the rather low vaccine uptake in the 
Netherlands in the last decade, herd effects may not yet be strong enough to reduce 
the screening frequency for all women. This suggests that if the same strategy is offered 
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to vaccinated and unvaccinated women, vaccinated women will probably get more 
screens than necessary as the residual risk after vaccination is very low (but dependent 
on vaccine type and duration of protection [38]). Further improvement of the vaccine 
uptake could result in changes to the screening program for the population as a whole, 
indicating the importance to evaluate and integrate these prevention strategies. A 
broader scope could be taken when discussing prevention strategies; HPV vaccination 
is a primary prevention strategy and may lower psychosocial screening harms, follow-
up procedures in HPV-positive women, and subsequent treatments with associated 
risks, such as fertility problems and obstetric complications. Therefore, the combina-
tion of vaccination early on in life with de-intensified screening later in life should 
be pursued. Previous and future modeling and cost-effectiveness studies can aid in 
designing the optimal integrated strategy with respect to the type of vaccine, the age 
at which screening initiates and the number of lifetime screening visits [39]. 

Exemplary for the integration of prevention methods is the HPV-FASTER project, 
in which the extension of routine vaccination to women up to 30 years of age (and 
to the 45-50 years in some settings), paired with at least one HPV screening test at 
age 30 years or older is suggested [40]. The expansion of vaccination to older age 
groups opens research possibilities and encourages further integration of preventive 
measurements, although its cost-effectiveness, which does not always have a favorable 
profile, should be taken into account as well [41]. A related idea is the HPV EVEN 
FASTER project where the reproductive rate is used to more specifically identify age 
groups to target with FASTER vaccination and screening [42]. 

Another potential target group are HPV positive women who were surgically treated 
for a precancerous cervical lesion. Research showed a significant risk reduction of 
developing recurrent CIN after surgical excision combined with HPV vaccination, as 
compared to surgical excision only [43]. Future investigation could explore how and 
in which circumstances this specific target group should be vaccinated for optimal 
cost-effective health benefits and how screening should be used in post-treatment 
follow-up management.

Current and future vaccines on the market
Currently, three prophylactic vaccines are on the market (Cervarix, Gardasil, Garda-
sil9), with the addition of a more recently developed vaccine from China: Cecolin, 
which just recently received WHO prequalification. With this vaccine, the aim is to 
increase availability for low- and middle-income countries because of a more afford-
able price (especially in time of supply shortage). Cecolin targets HPV16/18 and can 
be offered in a two-dose schedule [44]. Another Indian vaccine also just recently got 
licensed for use in India (CERAVANAC qHPV), which was developed in collabora-
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tion with the International Agency for Research on Cancer (IARC). Like Cecolin, it 
aims to provide an accessible and low-cost alternative to marketed vaccines [45]. 

Vaccine choice is an important issue, as the available vaccines differ in price and in 
targeted genotypes. All offer protection against oncogenic types HPV16 and HPV18, 
while the quadri- and nonavalent vaccine also offer protection against genital wart 
types HPV6 and HPV11. Currently, the bivalent and nonavalent vaccine are often 
considered the two most important vaccines, because of their established broad spec-
trum protection through cross-protection (bivalent) or by vaccine design (nonavalent) 
and strong population-level impact [46]. However, direct comparisons between these 
vaccines are scarce. The choice of countries between vaccines largely depends on the 
affordability and the degree of perceived or estimated protection; a study on the 
most favorable vaccine for GAVI countries indicated that, although the nonavalent 
vaccine averts more cases of cervical cancer, the bivalent vaccine with favorable cross-
protection is also considered a high-value vaccine [47]. This topic requires further 
investigation which should also incorporate the total population-level disease- burden 
and how this can best be minimized; HPV-related disease burden allocation to HPV 
types is different in men (mainly HPV16/18) and women (additional burden from 
HPV31/33/35/45/51/52/56/58/59) [25] and might therefore require a different view 
on how to achieve the largest population-level impact.

Another important research direction is the development of therapeutic vaccines, 
which are aimed at generating cell-mediated immunity rather than humoral immune 
responses, as these are important for the clearance of established infections. Although 
numerous studies have been conducted and many lessons have been learned, to date, 
no therapeutic vaccine has been approved for use in the treatment of HPV infec-
tions and related malignancies in humans. However, research during the last years 
has resulted in several vaccine candidates that are currently in phase III clinical trials, 
showing that there is promise of a therapeutic vaccine in the near future [48]. This 
would add possibilities to the currently established HPV vaccination strategies and 
lead to faster decline in the cancer incidence. This is especially important for LMIC 
where the burden of HPV related cancer is very high and screening and treatment 
options are limited.

WHO goals for elimination of  cervical cancer
Globally, one woman dies of cervical cancer approximately every two minutes. Around 
90% of these deaths occur in low- and middle-income countries, while many deaths 
could be prevented using HPV vaccination and screening. Following a Call to Action 
in 2018 from the World Health Organization (WHO) Director-General, several steps 
in the Global Strategy to Accelerate the Elimination of Cervical Cancer have been 
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made. This led to three targets in the strategy to reach this goal: by the year 2030, all 
countries should achieve 90% HPV vaccination uptake (1), 70% screening uptake (2), 
and 90% access to treatment for cervical pre-cancer and cancer (3), including access 
to palliative care [49]. However, according to Bruni et al. it is unlikely that this target 
will actually be reached by 2030; only 6% of all WHO member states had reached a 
vaccination uptake over 90% for the final dose in 2019 [50]. Furthermore, only one 
out of three women between 30 and 49 years of age had ever been screened for cervical 
cancer by 2021 [51]. Thus, in order to reach the WHO targets by 2030, accelerated 
implementation and improved uptake is required, but financial and infrastructural 
problems often hamper this. 

Concluding remarks

Continued monitoring of the HPV vaccination program in the Netherlands has 
shown the importance of the different surveillance aspects within the Dutch popula-
tion. No disturbing findings concerning effectiveness or safety have come to light, 
supporting evidence on the solid protection of HPV vaccination over time and the 
importance to ensure a high vaccine uptake in the coming years. Moreover, the Dutch 
NIP is one of the few that has been consistently using the bivalent vaccine, providing 
scarce population-based evidence on the impact of this vaccine for long-term effects. 
Both immune responses on individual and population-level provide information 
on the exposure to HPV within the country. On the other hand, studying genital 
infections in different cohorts indicated the proper working of the vaccine in both 
the two- and three-dose schedule, and the resulting herd effects that are unfolding 
in the population. This also shows the importance of continued surveillance in the 
coming years, when the addition of boys and catch-up campaigns within the program 
will likely lead to new shifts and insights. Relevant research opportunities within 
the field are optimization of vaccine uptake, estimation of the clinical effects from 
vaccination within the screening program and integration of these two programs, and 
the opportunities of further reducing the number of doses without compromising on 
(long-term) effectiveness. Considering the currently available evidence, a great impact 
on HPV associated cancer and disease reduction through vaccination programs can 
and should be realized in the coming years.
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Summary in English

Human papillomavirus is one of the most common sexually transmittable infections. 
The majority of infections are asymptomatic and pass transiently, but in some cases 
an infection with a hr HPV type can persist and cause the development of malignan-
cies on the anogenital site and in the head and neck region. To strongly reduce the 
transmission of HPV and development of (cervical) cancer, prophylactic, bivalent 
HPV vaccination was introduced into the Dutch NIP in 2009 as a girls-only vaccine, 
preventing the most oncogenic HPV types 16 and 18. A catch-up campaign was 
performed offering vaccination to girls born between 1993 and 1996, followed by 
routine immunization for 12-year old girls from 2010 onwards. At first a three-dose 
schedule was offered (0, 1 and 6 months), but since 2014 a two-dose schedule has 
been used (0, 6 months). As of 2022, the HPV vaccination is offered to boys and 
girls at ten years of age to prevent not only cancer of the cervix but also of the anus, 
oropharynx, vagina, vulva, and penis.

Monitoring of the NIP is important and is based on several pillars, including vaccine 
uptake, immunosurveillance, adverse events monitoring, and disease (or pathogen) 
surveillance. The current thesis describes monitoring of the routine HPV vaccination 
program within the Netherlands using intermediate endpoints, given the large gap 
between occurrence of HPV infection and development of cancer. This thesis is based 
on observational studies, with focus on long term effects regarding antibody level 
development after vaccination and vaccine effectiveness against (persistent) hr type 
HPV infections. of the vaccine. Chapter 1 is a general introduction about HPV, 
disease progression, epidemiology and effects of HPV vaccination.

Part 1: Vaccine and infection induced immune responses
Serological measurements are important in vaccination research and evaluation, since 
they can provide information on the responsiveness to a vaccine. Moreover, sero-
logical measurements also provide a tool to monitor previous exposure to infection 
and naturally induced immune responses. Therefore, in chapter 2, the population-
based changes in seroprevalence of unvaccinated individuals were evaluated over a 
ten-year time period, during which HPV vaccination was implemented in the Neth-
erlands. Population-based seroepidemiological data from the Dutch Pienter studies 
(2006/2007 and 2016/2017) was used. IgG antibody levels to seven hr HPV types 
(HPV16/18/31/33/45/52/58) as induced by natural infection showed that seropreva-
lence increased over the past decade among unvaccinated women, while it was stable 
among men. A lower seroprevalence among young women or herd effects among men, 
which may follow from the recent introduction of the HPV vaccination program 
among teenage girls in the Netherlands, was not yet observed. The continued moni-
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toring of seroprevalence among unvaccinated individuals is important, as declines in 
seroprevalence are expected for vaccine types.

In chapter 3, the focus was on vaccine derived immune responses. Within the 
HAVANA cohort, antibody levels against the seven earlier described hr HPV types 
(including vaccine types and cross protective types) among both vaccinated and un-
vaccinated participants were studied. Antibody levels remained high up till nine years 
past vaccination (three doses), both for vaccine types and to some extent for cross 
protective types. Immune responses from vaccinated women who presented with an 
HPV infection were compared to immune responses from women without infection, 
but the difference was not significant in the year before infection. This indicates that 
an immune correlate of protection, i.e. a threshold that should be reached in order 
to be protected, cannot be easily determined. This was also described in chapter 4, 
where we provided a review of the currently available information about immunologi-
cal responses following vaccination with three different HPV vaccines, with special 
attention to long-term effects and dosing schedules. Examples of possible (follow-up) 
research include the question whether lifelong protection can be established by vac-
cination and if a correlate of protection should be identified. 

Part 2: Effects of  HPV vaccination on genital HPV infection
Genital infections are useful intermediate endpoints in the evaluation of HPV vacci-
nation; the ultimate aim of HPV vaccination is of course prevention of (pre)cancerous 
lesions, but as cancer takes a long time to develop, evaluation of protection against 
infections is a robust and faster alternative. Both on individual and on population level 
this is an important source of information for the assessment of direct and indirect 
effectiveness of the vaccine. In chapter 5 we used data from sexual health clinic visi-
tors (Passyon study) to assess trends of type-specific HPV prevalence over time since 
the introduction of HPV vaccination. Both among vaccinated women, heterosexual 
men, and unvaccinated women, declining trends of vaccine HPV types 16 and 18 
were observed. This indicates that the population-level impact of a girls-only HPV 
vaccination program extends beyond the targeted group, inducing first- and second-
order herd effects. For cross-protective types HPV31, HPV33, and HPV45 an early 
decline was seen, although not (yet) among unvaccinated women. Increases in specific 
HPV types were also observed, indicating the importance of continued monitoring 
over time.

Chapter 6 focused on the vaccine effectiveness of two doses of routinely provided 
HPV vaccination. To support the switch from a three- to a two-dose schedule, mainly 
immunobridging studies were used. Therefore, clinical and observational data remain 
important to confirm the high vaccine effectiveness in the target population eligible 
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for a two-dose schedule. Genital infections among vaccinated (two doses) and unvac-
cinated participants from the HAVANA2 cohort were compared and indicated high, 
significant vaccine effectiveness against vaccine type infections (HPV16/18) and cross 
protective type infections (HPV31/33/45) up to four years after vaccination. Further 
research is required to determine the long term effectiveness of this schedule and 
include the formal comparison to the three-dose schedule. 

In chapter 7, methodological challenges regarding vaccine effectiveness estimates were 
described, specifically the selection of the right method. Different statistical methods 
as identified in the literature were described, compared, and applied to the HAVANA 
data in order to identify the most robust method for VE estimates from observational 
cohort data. When using longitudinal data, the selected method of analysis should be 
able to correctly use all information without compromising the data. The evaluated 
methods were compared regarding underlying assumptions and regarding how they 
calculated person-years and events. Although deviations in the calculated VE against 
persistent HPV16/18/31/33/45 infections were limited, the PWP-TT approach 
was selected as preferable for the current data since all measurements (also recurrent 
events) could be included and underlying assumptions were not violated. Differences 
between methods were small at the time of study, but are important to re-evaluate 
when more data is collected. The method of choice was applied in chapter 8, where 
we studied the long-term protection from the three-dose schedule up to 10 years after 
vaccination using HAVANA data. No indication of waning protecting over time was 
observed, as the VE against persistent vaccine type infections remained very high. 
This was also the case for cross protective HPV types. These findings are in line with 
observational research from other countries and suggests that vaccination will likely 
result in solid protection against clinical disease.

In chapter 9 the general discussion was described. The most important findings from 
this thesis were summarized and discussed, and future recommendations for research 
and monitoring of HPV vaccination within the NIP were made. Focus in the coming 
years should be on the recently introduced sex-neutral vaccination, the improvement 
of vaccine uptake, the identification of optimal dosing schedules and the long-term 
effects, also in relation to other preventive strategies such as screening. Clinically 
relevant outcomes will become available and can increasingly be used to advocate 
fast implementation of HPV vaccination worldwide so HPV related disease can be 
reduced to a minimum in the near future.
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Samenvatting in het Nederlands

Het humaan papillomavirus (HPV) is een van de meest voorkomende seksueel over-
draagbare infecties. De meeste infecties zijn asymptomatisch en van voorbijgaande 
aard, maar in sommige gevallen kan een infectie met een hoog-risico HPV-type 
persisteren en de ontwikkeling van maligniteiten in de anogenitale zone en in het 
hoofd-halsgebied veroorzaken. Om de transmissie van HPV en het ontstaan   van 
(baarmoederhals)kanker sterk terug te dringen, is in 2009 profylactische, bivalente 
HPV-vaccinatie opgenomen in het Rijksvaccinatieprogramma (RVP) voor meisjes, 
om hen te beschermen tegen de meest oncogene HPV-typen 16 en 18. Eerst werd 
een inhaalcampagne uitgevoerd om meisjes geboren tussen 1993 en 1996 te vacci-
neren; vanaf 2010 werd HPV vaccinatie opgenomen in het reguliere programma voor 
12-jarige meisjes. In eerste instantie werd een drie doses schema aangeboden (0, 1 en 
6 maanden), maar in 2014 werd dit vervangen door een schema van twee doses (0, 6 
maanden). Vanaf 2022 wordt de HPV-vaccinatie aangeboden aan jongens en meisjes 
van tien jaar om niet alleen kanker van de baarmoederhals maar ook van de anus, 
orofarynx, vagina, vulva en penis te voorkomen.

Monitoring van het RVP is belangrijk en is gebaseerd op verschillende pijlers, 
waaronder de vaccinatiegraad, immuun surveillance, monitoring van bijwerkingen 
en surveillance van ziekten (of ziekteverwekkers). Het huidige proefschrift beschrijft 
de monitoring van het routinematige HPV-vaccinatieprogramma in Nederland met 
behulp van intermediaire eindpunten, gezien de grote kloof tussen het optreden 
van een HPV-infectie en de ontwikkeling van kanker. Dit proefschrift is gebaseerd 
op observationele studies, met specifieke focus op langetermijneffecten aangaande 
het beloop van antistoffen na vaccinatie en vaccin effectiviteit tegen (persisterende) 
hoogrisico typen HPV infecties. Hoofdstuk 1 betreft een algemene inleiding over 
HPV, ziekteprogressie, epidemiologie en effecten van HPV-vaccinatie.

Deel 1: Vaccin-geïnduceerde en natuurlijke immuunreacties
Serologische metingen zijn belangrijk bij het evalueren en onderzoeken van vac-
cins, omdat ze informatie kunnen geven over de respons op een vaccin. Bovendien 
bieden serologische metingen ook een tool om eerdere blootstelling aan infecties en 
natuurlijk geïnduceerde immuun responsen te volgen. Daarom werden in hoofd-
stuk 2 de veranderingen in seroprevalentie onder de niet-gevaccineerde bevolking 
geëvalueerd gedurende een tien-jaar periode waarin HPV-vaccinatie in Nederland 
werd geïmplementeerd. Er werd gebruik gemaakt van populatie gebaseerde sero-
epidemiologische gegevens uit de Nederlandse Pienter-onderzoeken (2006/2007 en 
2016/2017). IgG antistoffen opgewekt door natuurlijke infectie tegen zeven HPV-
typen (HPV16/18/31/33/45/52/58) toonden aan dat de seroprevalentie de afgelopen 
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tien jaar toenam bij niet-gevaccineerde vrouwen, terwijl deze bij mannen stabiel was. 
Lagere seroprevalentie onder jonge vrouwen of groepsbescherming bij mannen, wat 
gevolgen kunnen zijn van de recente introductie van het HPV-vaccinatieprogramma 
onder tienermeisjes in Nederland, werden nog niet waargenomen. Het blijven moni-
toren van de seroprevalentie bij niet-gevaccineerde personen is belangrijk aangezien 
een afname van de seroprevalentie wordt verwacht, in ieder geval voor vaccintypen.

In hoofdstuk 3 lag de focus op vaccin-geïnduceerde immuunrespons na vaccinatie. 
Binnen het HAVANA-cohort werden antilichaamniveaus tegen de zeven eerder be-
schreven HPV-typen (inclusief vaccintypen en kruisbeschermende typen) bij zowel 
gevaccineerde als niet-gevaccineerde deelnemers onderzocht. De antilichamen bleven 
hoog tot negen jaar na vaccinatie (drie doses), zowel voor vaccintypen als tot op zekere 
hoogte voor kruisbeschermende typen. De immuunrespons van gevaccineerde vrouwen 
die een HPV-infectie hadden doorgemaakt, werd vergeleken met de immuunrespons 
van gevaccineerde vrouwen zonder infectie, maar er was geen significant verschil in 
het jaar vóór infectie. Dit duidt op een specifieke uitdaging in HPV-vaccinonderzoek; 
de identificatie van een immuun correlaat van bescherming, oftewel een drempel die 
moet worden bereikt om beschermd te zijn. Dit werd ook beschreven in hoofdstuk 
4, waar we een overzicht gaven van de momenteel beschikbare informatie over im-
munologische reacties na vaccinatie met drie verschillende HPV-vaccins, met speciale 
aandacht voor langetermijneffecten en doseringsschema's. Dit overzicht laat zien wat 
de huidige stand van zaken en kennis is en welke aspecten nog in aanmerking kun-
nen komen voor verder onderzoek. Voorbeelden van mogelijke onderwerpen voor 
(vervolg) studies zijn of levenslange bescherming kan worden bereikt door vaccinatie 
en of een correlaat van bescherming zou moeten worden geïdentificeerd.

Deel 2: Effecten van HPV-vaccinatie op genitale HPV-infectie
Genitale infecties zijn nuttige tussentijdse eindpunten bij de evaluatie van HPV-
vaccinatie; het uiteindelijke doel van HPV-vaccinatie is uiteraard het voorkomen van 
(voorstadia van) kanker, maar aangezien de ontwikkeling hiervan lang kan duren, is 
evaluatie van de bescherming tegen infecties een robuust en sneller alternatief. Zowel 
op individueel als op populatieniveau is dit een belangrijke informatiebron voor de 
beoordeling van de directe en indirecte effectiviteit van het vaccin. In hoofdstuk 5 ge-
bruikten we gegevens van bezoekers van seksuele gezondheidscentra (Passyon-studie) 
om de trends van type specifieke HPV-prevalentie in de tijd sinds de introductie 
van HPV-vaccinatie te beoordelen. Zowel bij gevaccineerde vrouwen, heteroseksuele 
mannen als niet-gevaccineerde vrouwen werden dalende trends van vaccin HPV-
typen 16/18 waargenomen. Dit geeft een indicatie van de impact van het HPV-
vaccinatieprogramma op populatieniveau, welke verder reikt dan de beoogde groep 
en leidt tot groepseffecten van de eerste en tweede orde. Voor kruisbeschermende 
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typen HPV31/33/45 werden enkele eerste dalingen gezien, hoewel (nog) niet bij niet-
gevaccineerde vrouwen. Er werden ook enkele toenamen van specifieke HPV-typen 
opgemerkt, wat aangeeft dat het belangrijk is om in de loop van de tijd de trends te 
blijven monitoren.

Hoofdstuk 6 richtte zich op de vaccineffectiviteit van het twee doses HPV-vaccinatie 
programma. Bij de omschakeling van een drie- naar een twee-doses schema werd 
voornamelijk gebruik gemaakt van immunobridging studies. Daarom zijn klinische 
en observationele gegevens belangrijk om de hoge vaccineffectiviteit te bevestigen bij 
de doelpopulatie die in aanmerking komt voor dit schema. Genitale infecties onder 
gevaccineerde (twee doses) en niet-gevaccineerde deelnemers uit het HAVANA2-
cohort werden vergeleken en wezen op een hoge, significante werkzaamheid van het 
vaccin tegen vaccintype infecties (HPV16/18) en kruisbeschermende type infecties 
(HPV31/33/45) tot vier jaar na vaccinatie. Verder onderzoek blijft nodig om de ef-
fectiviteit van dit schema op lange termijn vast te stellen en om de formele vergelijking 
met het drie-doses schema uit te voeren.

In hoofdstuk 7 werden methodologische uitdagingen met betrekking tot de effec-
tiviteitsschattingen van vaccins beschreven, met name het selecteren van de juiste 
methode. Verschillende statistische methoden zoals geïdentificeerd in de literatuur 
werden beschreven, vergeleken en toegepast op de HAVANA-gegevens om de meest 
robuuste methode voor VE-schattingen uit observationele cohortgegevens te bepalen. 
Bij gebruik van longitudinale data moet de gekozen analysemethode alle informa-
tie correct kunnen gebruiken zonder de data te compromitteren. De geëvalueerde 
methoden werden vergeleken op onderliggende aannames en op de manier waarop 
ze persoonsjaren en events berekenden. Hoewel de verschillen in de berekende VE 
tegen persistente HPV16/18/31/33/45 infecties beperkt waren, werd de PWP-TT-
benadering gekozen als de voorkeursmethode voor de huidige gegevens, aangezien alle 
metingen (ook herhaalde events) konden worden meegenomen en de onderliggende 
aannames niet werden geschonden. De verschillen tussen de methoden waren klein op 
het moment van onderzoek, maar het is belangrijk om deze opnieuw te evalueren wan-
neer er meer data beschikbaar is. De gekozen methode werd toegepast in hoofdstuk 
8, waar we met behulp van HAVANA-gegevens de lange termijn bescherming van het 
drie-dosesschema tot 10 jaar na vaccinatie bestudeerden. Er werden geen aanwijzin-
gen voor afnemende bescherming in de loop van de tijd waargenomen, aangezien de 
VE tegen persistente vaccintype-infecties zeer hoog bleef. Dit was ook het geval voor 
kruisbeschermende HPV-typen. Deze bevindingen zijn in lijn met observationeel 
onderzoek uit andere landen en zullen naar alle waarschijnlijkheid leiden tot robuuste 
bescherming tegen klinische uitkomsten.
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In hoofdstuk 9 werd de algemene discussie beschreven. De belangrijkste bevindingen 
uit dit proefschrift werden samengevat en besproken, en toekomstige aanbevelingen 
voor onderzoek en monitoring van HPV-vaccinatie binnen het RVP werden gedaan. 
De focus in de komende jaren zou moeten liggen op de recent geïmplementeerde 
gender neutrale vaccinatie, de verbetering van de vaccinatiegraad, het bepalen van 
optimale doseringsschema's en de langetermijneffecten, ook in relatie tot andere 
preventieve strategieën zoals screening. Klinisch relevante resultaten zullen in toen-
emende mate beschikbaar komen en moeten worden gebruikt om te pleiten voor 
snelle implementatie van HPV-vaccinatie wereldwijd, zodat HPV-gerelateerde ziekten 
in de nabije toekomst tot een minimum kunnen worden beperkt.
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List of  abbreviations

2D: 2-dose
3D: 3-dose
2vHPV: Bivalent vaccine
4vHPV: quadrivalent vaccine
9vHPV: nonavalent vaccine
AGW: Anogenital warts
CFS: chronic fatigue syndrome
CIN: cervical intraepithelial lesion
CRPS: complex regional pain syndromes 
EMA: European medicines agency
HAVANA(2): Human Papillomavirus among vaccinated and nonvaccinated adoles-
cents
HPV: Human Papillomavirus
Hr: high-risk
IARC: International Agency for Research on Cancer 
IgG: Immunoglubuline G
JCVI: Joint Committee on Vaccination and Immunisation 
LMIC: low- and middle-income countries
Lr: low-risk
NIP: National Immunization Program
PASSYON: Papillomavirus Surveillance among STI clinic Youngsters in the Nether-
lands
Pienter: Peiling Immunisatie Effect Nederland ter Evaluatie van het Rijksvaccina-
tieprogramma
POTS: postural orthostatic tachycardia syndrome
PV: Papillomavirus
PWP-TT: Prentice Williams and Peterson total time
RCT: Randomized clinical trial 
SAGE: Strategic Advisory Group of Experts on Immunization 
STI: sexually transmitted infection
VE: Vaccin effectiveness
VLP: virus like particle
WHO: World Health Organization
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Dankwoord

It always seems impossible until it’s done. – Nelson Mandela

Wellicht niet de meest originele quote, maar voor promovendi in het algemeen en 
mijzelf in het bijzonder wel een hele toepasselijke. De berg die bij vlagen niet te 
beklimmen leek, is getrotseerd. Het is nu dan toch echt zover: Mijn proefschrift is 
af! Ik ben van het aantal onderzoekspakketten wat daarvoor moest worden ingepakt 
de tel kwijt geraakt, maar het zullen er gedurende de afgelopen jaren zeker meer dan 
10.000 zijn geweest. Gelukkig heb ik dat niet allemaal alleen hoeven doen en waren 
er altijd mensen bereid om te helpen. Hetzelfde geldt voor het schrijven van een 
proefschrift, weet ik nu. Dat doe je niet alleen; daarbij werk je samen met, leer je van 
en word je ondersteund door een heleboel mensen. Hen wil ik hier graag bedanken.

Allereerst ben ik veel dank verschuldigd aan al die honderden mensen die hebben 
meegewerkt aan de HPV studies. In sommige gevallen betekent dat al meer dan tien 
jaar op rij meedoen en ieder jaar alle gevraagde materialen inleveren: Dat is ontzettend 
waardevol en zonder jullie bijdrage zou onderzoek als dit niet mogelijk zijn. Dankjewel 
daarvoor!

De promotiecommissie die de tijd heeft genomen om mijn proefschrift zorgvuldig 
te beoordelen. Prof. dr. Schim-van der Loeff, Prof. dr. Kenter, Prof. dr. Sanders, dr. 
Feltkamp en dr. Buiskamp, bedankt voor de tijd die u heeft gestoken in het lezen van 
mijn proefschrift en de bereidheid om plaats te nemen in de oppositie.

Prof. dr. Berkhof, beste Hans. Dank je dat ik deelgenoot mocht zijn van vele in-
houdelijke discussies, waar ik altijd weer geïnspireerd uit kwam. Het is verbazingwek-
kend hoeveel jij weet, hoe breed je wetenschappelijke interesse is en hoe ver jouw 
kennis reikt. Niet zelden mondde een overleg over HPV uit in een uitgebreid verslag 
over Gezondheidsraad- of WHO-adviezen en later updates over Covid-19 vaccinaties. 
Gedurende mijn traject raakte je steeds meer betrokken bij mij als ‘externe promov-
enda’. Dat is mijn werk zeker ten goede gekomen en dat heb ik erg gewaardeerd. 

Dr. de Melker, beste Hester. Dank je wel voor jouw vertrouwen in mijn kunnen, ook 
toen ik daar zelf nog niet helemaal in geloofde. Ook voor jou geldt; wat een kennis 
en dan zeker wat het RVP betreft. Ik bewonder je als wetenschapper en heb je altijd 
gewaardeerd als leidinggevende en copromotor. Ik wist dat ik altijd van je tijdige en 
grondige feedback op aan kon (al was het nog zo druk) en dat jij de eerste was om 
felicitaties uit te delen bij het behalen van mijlpalen. Ook na mijn vertrek bij het 
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RIVM hield je een duidelijke vinger aan de pols en dat heb ik gewaardeerd. Dank je 
wel voor de afgelopen jaren!

Dames en een enkele heer van de RVP groep, veel dank voor jullie gezelligheid en het 
delen van jullie kennis en kunde. Zowel tijdens inhoudelijke overleggen als daarbuiten 
tijdens uitjes of gewoon bij de koffie; de RVP groep heb ik altijd ervaren als een 
warm bad. Uiteraard ook veel dank voor jullie inzet tijdens de HAVANA avonden, bij 
inpaksessies of het beantwoorden van de HPV-telefoon! In het bijzonder wil ik graag 
Nicoline bedanken; al tijdens mijn masterstage gaf je mij alle vertrouwen en ruimte 
om zelf dingen uit te zoeken en het me project over kinkhoest echt eigen te maken. 
Later kon ik via jou weer bij EPI aan de slag in mijn eerste echte baan, wat was ik 
daar blij mee! Mirjam, bij jou kon ik altijd terecht voor methodologische vragen of 
om gewoon even te sparren. Hoewel HPV niet per se jouw specialisatie was, kon je 
me altijd verder helpen of stuurde je me op pad met iets om uit te zoeken, wat vaak 
ontzettend nuttig bleek; dank dat ik zoveel van je heb mogen leren.

Natuurlijk ben ik veel dank verschuldigd aan alle leden van de HAPEEVEE en andere 
directe HPV collega’s waar ik de afgelopen jaren mee heb samengewerkt. Wat heb 
ik van ieder van jullie veel mogen leren, in sommige gevallen door directe samen-
werkingen voor artikelen en anders wel tijdens HPV congressen en bijeenkomsten. 
Birgit, Fiona, Audrey, Pascal, Jeroen, Jesca, Kim, Robine (dank voor al je goede tips 
over HAVANA en de momenten waarop we nog samen hebben kunnen werken, ook 
na jouw RIVM tijd), Petra (ontzettend leuk om op de valreep nog samen een stuk 
over de PASSYON te schrijven), Hella (altijd even lekker samen klagen en dan weer 
door; dank voor je heerlijk stuiterende persoonlijkheid), Kahren (gezellig om samen te 
kletsen, ik kijk uit naar jouw proefschrift!), Tessa (wat fijn om zo’n stabiele vraagbaak 
als directe collega te hebben. Hopelijk is jouw proefschrift er nu ook snel!), Hans 
Bogaards (dank voor het delen van al je methodologische kennis. Wat een betrokken 
onderzoeker ben jij) en Marit (veel succes met jouw boekje en het vervolg van alle 
HPV onderzoeken!). Daarnaast ook dank aan alle collega’s van de VU voor de fijne en 
leerzame bijeenkomsten waar ik altijd welkom was. Alle laboranten van zowel IIV als 
IDS, dank voor jullie enorme inzet bij de verwerking van de HAVANA samples en de 
fijne communicatie, ik kon altijd bij jullie terecht met vragen. 

Andere coauteurs waar ik door de loop van de jaren mee heb samengewerkt, dank 
voor jullie inzet en het kritisch meedenken over onze papers. Dat is het werk ten goede 
gekomen.
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Demi, wat leuk dat ik de begeleiding van jouw masterstage op me mocht nemen en 
wat heb je het goed gedaan, ook al was het dan vanwege Covid-19 grotendeels vanuit 
huis. Dank je wel voor je enthousiasme en inzet!

Maartje en - hoewel niet altijd fysiek op kantoor - ook Denise, dank voor alle fijne 
theemomentjes en natuurlijk eetafspraken. Zo gezellig om ook na de master nog col-
lega’s te zijn! Hoewel ik geen diehard SOA collega ben, was het altijd leuk om samen 
met jullie te sparren of gewoon gezellig te kletsen. Ik kijk uit naar jullie promoties, die 
van Denise zelfs slechts een week na de mijne. Isabel, met jou op de kamer kwam er op 
sommige dagen van werken weinig terecht. Hoewel jij uiteindelijk terug ging naar de 
voedingswetenschap is ons contact gebleven en hebben we het nog steeds heel gezellig, 
dank daarvoor! Maarten, altijd fijn om even bij te kletsen, gewoon voor de gezelligheid 
of over onze promoties. Ik ben benieuwd naar jouw boekje over PIMPI. Eric, altijd in 
voor een praatje en geïnteresseerd in de ander. Leuk dat we nog kortstondig konden 
samenwerken aan de Pienter stukken!

De EPI-collega’s van de boswandelingen, dank voor een fijne uitlaatklep en vele 
oplaadmomentjes in het Bilthovense bos. Dames van het EPI-secretariaat; jullie zijn 
goud waard. Dank voor de ontelbare uren helpen bij alle logistieke klusjes en uiteraard 
de vele gezellige kletspraatjes die daar bij hoorden. Onze vaste chauffeur Ton van 
Woudenberg en dames van Saltro voor de bloedafnames waren onmisbaar tijdens de 
HAVANA-avonden. Dank voor jullie inzet en gezelligheid!

Jolinde, wat ontzettend leuk om samen met jou tot een ontwerp voor de cover van 
mijn proefschrift te komen. Met de misschien wat summiere informatie die ik je gaf, 
heb je er iets prachtigs en unieks van weten te maken. Dank je wel daarvoor!

Lieve (schoon)familie en vrienden, uiteraard ben ik ook jullie veel dank verschuld-
igd voor de belangstelling voor mijn proefschrift. Hoewel het misschien niet altijd 
duidelijk was wat er nou precies in dat ‘boekje’ ging komen naast dat het over HPV 
vaccinatie ging, weerhield dit velen van jullie er niet van regelmatig te vragen naar de 
voortgang. Daarnaast was het natuurlijk altijd fijn om te ontspannen en de zinnen te 
verzetten met leuke familie-uitjes, vriendinnen-etentjes of korfbal-wedstrijden. 

Tijmen en Bente, jullie hebben een speciaal plekje in mijn hart (en op mijn enkel). 
Ondanks ons leeftijdsverschil weten we elkaar altijd te vinden en als we met elkaar 
zijn, dan is het goed. Hoewel ik jullie vermoedelijk niet heb kunnen inspireren tot een 
carrière in het onderzoek, waren jullie altijd geïnteresseerd en kijk ik andersom met 
interesse en plezier naar jullie keuzes. Hoe bijzonder dat jullie allebei naast me staan 
tijdens mijn verdediging, weet dat ik dat heel erg waardeer.
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Papa en mama, het is er dan toch echt, mijn boekje. Zoals altijd weet ik dat jullie 
trots zijn, maar in dit geval misschien nog wel meer op de weg ernaartoe dan op het 
eindresultaat. Ik wil jullie bedanken voor het vertrouwen, de aanmoedigingen als ik 
het even niet meer zag zitten, de spiegel die jullie mij voorhielden wanneer dat nodig 
was. Bovenal wil ik jullie bedanken voor het liefdevolle nest waarin wij zijn opgegroeid 
en waar we nog altijd allemaal van harte welkom zijn.

Dan als laatste, uiteraard, Matthijs. Zonder jou was dit proefschrift er waarschijnlijk 
niet eens geweest. Was ik er niet aan begonnen, was ik ergens halverwege gestopt of 
was het boekje niet afgerond omdat ik het na de geboorte van Dinte niet gemakkelijk 
vond om ermee verder te gaan. Dankjewel voor jouw aanmoediging, je ondersteuning 
en dat niks je ooit te gek is als het op ons aankomt. Hoewel ik ons leven samen altijd 
al mooi vond, weet ik nu: met Dinte erbij is het echt prachtig. Hoe fantastisch zal het 
dan over een paar maanden met zijn vieren wel niet worden? Waar jullie zijn, ben ik 
thuis. 
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