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What's new?

Although some countries have reached key performance indicators toward the elimination of

cervical cancer and its causative agent, human papillomavirus, most are yet to reach the vaccina-

tion and screening targets. The scientific basis for strategies to accelerate the elimination of cer-

vical cancer was recently reviewed at a dedicated 2023 EUropean Research Organization on

Genital Infection and Neoplasia (EUROGIN) workshop. The reviewed evidence suggests that

strategies with more ambitious use of human papillomavirus vaccines (gender-neutral vaccina-

tion or concomitant vaccination and screening) would accelerate elimination of human papillo-

mavirus and cervical cancer.

1 | INTRODUCTION

Both HPV infections and cervical cancer are still common despite it

being 40 years after discovery of human papillomavirus (HPV) type

16, the major cause of cervical cancer, 15 years after licensure of effi-

cacious prophylactic HPV vaccines (https://www.ema.europa.eu/en/

medicines/human/EPAR/cervarix/gardasil/gardasil9, Accessed March

2023), and after demonstration of the effectiveness of HPV-based

cervical screening.1 What can be done to improve the impact of HPV

vaccination and HPV screening to accelerate the elimination of cervi-

cal cancer? This goal is defined by the World Health Organization as a

reduction in cervical cancer incidence to levels below 4 new cases per

100,000 women per year.2,3 The scientific basis and strategies for

attaining this worthwhile goal were the topic of a workshop at the

2023 EUROGIN conference in Bilbao, Spain.

Up-to-date knowledge on the worldwide coverage of HPV vacci-

nation and primary HPV screening, the two interventions for the elim-

ination of cervical cancer,4,5 is the starting point on which all attempts

to improve the preventive efforts must be based. Due to the low basic

reproduction number (R0) of most HPV types moderate coverage

girls-only HPV vaccination already has had an impact on the preva-

lence of many genital HPV types at the population level. HPV16

which is responsible for half of cervical cancers has a higher reproduc-

tion rate than other HPV types, and as such >90% girls-only HPV vac-

cination coverage is required to achieve elimination.

Gender-neutral vaccination has been evaluated in a randomized

trial, which found that elimination can be achieved with moderate

coverage scenarios applying only this strategy.6,7 Moreover gender-

neutral vaccination accelerates elimination as herd effect is rapidly

established when both genders are protected instead of just one.6,7

Aside these empirically verified differences, a thematic analysis sug-

gests that gender-restricted vaccination policies have ethical and legal

pitfalls not coherent with public health goals.8

We have a good understanding of the mode of action of vaccine-

induced protection. The available vaccines induce sustainable total

and high neutralizing antibody levels, which can be measured and

used as outcomes in HPV vaccine research, for example, when eval-

uating new vaccine candidates and/or modes of administration.9,10

The long durability of antibody responses is essential for designing

resilient programs. The coronavirus pandemic showed how unfore-

seen events can disrupt vaccination and screening programs.

Designing programs that can withstand disturbances in the delivery

of interventions is of paramount importance in disease

prevention.11,12

In most countries adult women younger than 30 years are at risk

of HPV infection but not fully vaccinated against HPV. This implies a

need to offer protection to this age group. As many young adult

women may already have been exposed to HPV extended catch-up

vaccination needs to be combined with HPV screening to provide

them full protection. A country-wide trial of this strategy targeting

women aged 23–29 is underway in Sweden.13 Vulnerable female

groups missed by health services due to neglect or because they are

out of healthcare reach represent an additional population segment

that must be targeted by both indirect (herd effect) and direct elimina-

tion efforts.14 Finally, cost-effective analyses suggest that ambitious

HPV vaccination strategies may result in both HPV elimination and

cost-savings15 because of a reduced need for subsequent screening.

All above issues and objectives are elaborated in more detail in the

following sections.

2 | WORLDWIDE HPV VACCINATION AND

SCREENING COVERAGE

In 2020, the WHO approved the plan toward the elimination of

cervical cancer as a public health problem. The WHO cervical can-

cer elimination strategy includes coverage targets for scale-up by

2030 of HPV vaccination to 90% of all adolescent girls, twice-

lifetime cervical screening to 70%, and treatment of pre-invasive

lesions and invasive cancer to 90%.16 Based on the results from

WHO/UNICEF estimates of national HPV immunization coverage17

and the new global estimates on cervical cancer screening5 we are

still far behind of reaching these goals. In females global HPV vacci-

nation coverage for 2021 is estimated to be 12%, while lifetime

screening coverage in women aged 30–49 years by 2020 is

reported to be 36%5,17,18 (Figure 1). However, significant dispar-

ities across different populations and regions are masked behind

these figures.

1538 LEHTINEN ET AL.

 1
0
9
7
0
2
1
5
, 2

0
2
4
, 9

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ijc.3

4
8
3
9
 b

y
 D

k
fz Z

en
tralb

ib
lio

th
ek

 K
reb

sfo
rsch

u
n
g
szen

tru
m

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [3

1
/0

7
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



By the year 2023, HPV vaccination programs have been intro-

duced in 126 (66%) of the 194 WHO Member States. The Americas,

Europe, and Oceania are the regions with the highest introductions,

with 89%, 84%, and 81% of their countries having introduced the

HPV vaccine respectively, while Asia and Africa are at �50%. Despite

a high number of introductions, 59% of girls still live in countries that

have not yet introduced, significantly impacting global coverage levels.

However, many countries that do not currently vaccinate are planning

to introduce the vaccine, with 20 countries, representing 26% of

global cervical cancer burden, announcing plans to do so within the

next 2–3 years. In 2022, 11 new countries introduced HPV vaccina-

tion programs.

According to data from the WHO/UNICEF annual Estimates of

National HPV Immunization Coverage, program performance in many

countries, including high-income countries, remains sub-optimal.2,4 In

2019, before the pandemic, programs had an average coverage of

67% for the 1st dose of the vaccine and 53% for a 2nd dose. How-

ever, these averages dropped by 10 percentage points after the pan-

demic, especially in low- and middle-income countries (LMICs). LMICs

had better coverage for the 1st dose, but lower for the 2nd dose due

to higher dropout rates. In 2019, only 5(6%) countries achieved cover-

ages with the 2nd dose of more than 90%, 22 countries (21%)

achieved coverages of 75% or higher, whereas 35 (40%) had a 2nd

dose coverage of 50% or less.4

When expressed as world population coverage (ie, weighted by

population size), global HPV vaccine coverage (2 doses) for 2021 is

estimated at 12%, compared to 15% in 2019. This global estimate had

been on an increasing trend for several years, largely due to the num-

ber of new introductions. However, the trend has reversed in the last

2 years due to the pandemic. There remains a long way to go to meet

the 2030 elimination target of 90% of girls vaccinated. Not only is

there a need to expedite introductions, but also it is critical to improve

program performance and deploy catch-up vaccination to girls in the

recommended vaccination ages.

In combination, vaccination and screening accelerate progress

toward cervical cancer elimination. For example, a twice-lifetime HPV

screening is estimated to avert 12 M cervical cancer cases within a

century in comparison to the 61 M cases predicted to be averted by

HPV vaccination.19 Elsewhere, we describe the status of cervical

screening programs worldwide, including the adoption of HPV-based

strategies, and the methods and results for the first edition of WHO

coverage estimates of cervical cancer screening.5 The extent/organi-

zation of cervical screening varies greatly across the globe.18,20 Of

202 countries evaluated, only 139 (68%) had identifiable recommen-

dations for screening.

Among these, only 48 countries (predominantly high-income and

upper-middle-income) had implemented or were implementing HPV-

based primary screening. Globally, 64% of women aged 30–49 years

have never been screened for cervical cancer, representing 662 million

women in the target age group of the WHO elimination strategy. Esti-

mated worldwide coverage in women aged 30–49 years in 2019 was

15% in the previous year, 28% in the previous 3 and 32% in the previous

5 years, and 36% ever in the life-time. There are significant global dispar-

ities in cervical cancer burden and prevention. In high-income countries,

84% of women aged 30–49 years had at least one screening in their life-

time, compared to 48% in upper middle-income countries, 9% in lower-

middle-income countries, and 11% in low-income countries. Roll-out of

HPV screening is very low in low-income and middle-income countries,

where the burden of disease is highest. The priority of the WHO elimina-

tion campaign should be to increase both HPV screening coverage and

treatment of detected lesions. Challenges of surveillance systems in both

coverage and quality control remain.
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F IGURE 1 Global estimates of HPV vaccine coverage and cervical cancer screening by income. HPV screening >50% of all cervical screening

in high income countries only.
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3 | ELIMINATION OF CERVICAL CANCER

BY STRATEGICALLY COMBINING HPV

VACCINATION AND HPV SCREENING: THE

“EVEN-FASTER” MODEL

3.1 | Concept

Organized, school-based HPV vaccination will result in population

immunity when the children become adults. After incident HPV infec-

tions have been eliminated an organized, population-based HPV-

based cervical screening effort will eliminate cervical cancer when the

entire population has been screened for HPV. We wished to investi-

gate if the timepoint for elimination of HPV infection could be accel-

erated by targeting ample numbers (Table 1) of birth cohorts at risk of

HPV transmission and sub-optimal immunity with an extended and

fast catch-up of HPV vaccination.

In Sweden, there is very little HPV among women younger than

23 as these women have been vaccinated by a high coverage school-

based HPV vaccination program. It is primarily women (and men) ages

23–30 that are still propagating HPV (as evidenced by an age-specific

effective reproduction number R >1.0).21 In 2021, we therefore

launched a nationwide population-based study offering all females in

the country who are aged 23–28 concomitant HPV-vaccination and

HPV-screening (NCT04910802). We revised the concept of concomi-

tant HPV-vaccination and HPV-screening of fertile-aged women22 by

concentrating on those birth cohorts that are still sustaining the HPV

infection—thereby achieving an even faster elimination of cervical

cancer.

3.2 | Context

Girls ages 10–12 have been systematically offered HPV vaccination in

schools since 2012 (birth cohorts born 1999 and later). When the

HPV vaccination program started, girls ages 13–18 (born 1993–1998)

were also offered catch-up vaccination. However, coverage achieved

by this effort was on average 55%–60%, probably enough for fast

clearance high-risk HPV types (Table 1) but not high enough to reach

HPV16 elimination.3,6

HPV vaccination is effective also in older women, provided that

they are HPV-negative at vaccination (per protocol population of

women naïve at vaccination). A registry-based cohort analysis of the

effect of HPV-vaccination in Sweden showed that among women vac-

cinated before age 17, the decrease in cervical cancer was 88% as

compared to unvaccinated women between the ages of 17–30 where

it was only 53%.23 These women were not HPV tested at vaccination

and therefore correspond to the Intention-to-treat population in vac-

cination trials. Therefore, to achieve maximal protection of the young

adult women, they should be offered concomitant HPV screening and

HPV vaccination. Among women under 30, screening coverage has

been over 85% for the last 10 years (www.nkcx.se), and the cervical

screening program thus provides a framework to reach a high propor-

tion of the population of young women also with HPV-vaccination.

HPV-positive women will be followed up in the established algorithms

of the screening program.

3.3 | Implementation

Organized cervical screening is offered with sampling by midwives at

maternity care centers or by HPV self-sampling. HPV vaccination sta-

tus is checked and vaccines are given by the midwives at the routine

cervical screening visit or at a vaccination center that distributes self-

sampling kits. We have trained >1000 midwives across the country in

vaccinology. The study was piloted in one region in 2021 and cur-

rently all 21 regions in the country participate. Women provide

informed consent and enter a health declaration in an online Clinical

Trials System. All results (both from the study and from all other

healthcare facilities in Sweden) of cervical samples (HPV tests, histo-

pathological diagnoses) are collected to the National Cervical Screen-

ing Registry (www.nkcx.se). The main outcome is whether or not the

HPV infection is eliminated from the young adult Swedish females at

a follow-up visit 3 years later.

3.4 | Generalization and considerations

The selection of target birth cohorts for the Swedish “even faster”

study has been made based on age-specific effective R value estima-

tions of HPV infection in Sweden. Here R is dependent on HPV type4

and contact mixing pattern in the population.3 Using the R to design

focused campaigns for accelerated HPV elimination can be applied to

any population where it can be calculated. With the WHO recom-

mended girls-only vaccination the ample number of birth cohorts

needed to be vaccinated (Table 1), time between achieving sufficient

population immunity and achieving HPV elimination is impacted by

type-specific duration of HPV infections.24 If the infection is not

transmitted before clearance, fade-out will come as quickly as

TABLE 1 The number of vaccinated female birth cohorts needed

for effective elimination (95% reduction in the subsequent birth

cohorts) of the life-time incidence of oncogenic human

papillomaviruses (HPV) by HPV type, vaccine efficacy (VE) and

coverage compared to the pre-vaccination era (naïve birth cohorts).

VE

Coverage of vaccination

95% 90% 75% 50%

HPV16 95% 24 NA NA NA

HPV18 95% 6 9 NA NA

HPV31/33/45/52/58 95% 3 5 11 NA

80% 9 10 31 NA

50% NA NA NA NA

HPV35/39/51 95% 1 3 7 12

80% 6 6 9 16

50% 12 13 18 NA
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population immunity is achieved. Furthermore, the timeframe to elimi-

nation is impacted by how long it takes for a persistent HPV infection

to develop into a precursor lesion that can be treated.

The Swedish “even faster” study is supported both by research

funding as well as a specific line item in the national budget, decided

upon by parliament. This one-time effort and represents a concen-

trated effort to harness the impact of highly effective HPV vaccines

and HPV-screening.

4 | GENDER-NEUTRAL VACCINATION TO

PROTECT ALSO UNVACCINATED

MARGINALIZED WOMEN

If 90% of all girls around the world are vaccinated against HPV by the

age of 15 by the year 2030,25 the remaining 10% of girls can be pro-

tected from HPV infection and associated cancers by herd effect, which

refers to the indirect protection of the unvaccinated in a population due

the many immune individuals reducing transmission within that popula-

tion.26 The degree of vaccine-induced herd protection is dependent on

vaccination coverage, the population, and the distribution of HPV

types.27,28 For each HPV type there is a critical vaccination coverage

threshold at which the HPV type may be eliminated.26 If the vaccination

coverage within a defined geographic population is greater than this

threshold, then the herd immunity will result in the elimination of HPV

infection in that population.3,21,29 This coverage threshold is dependent

on the HPV vaccine efficacy and the R0, of the HPV type, which is both

HPV type specific and population-specific.6 The R0 and resulting critical

vaccination coverage is higher for HPV16, the most oncogenic HPV type,

than for other high-risk HPV types. In the setting of Finland, the R0 for

HPV16 was estimated as 3.3 compared to 2.2 for HPV18, resulting in a

critical HPV vaccination coverage of 95% for HPV16 and 82% for

HPV18 if only girls are included in the Finnish vaccination program.6

It is crucial that the delivery of the cervical cancer prevention

strategy be equitable. Among women in Sweden from the birth

cohorts who were eligible for opportunistic vaccination, the unvacci-

nated women were less likely to attend the cervical cancer screening

program than the HPV vaccinated women.23 Marginalized women

have a long trajectory of missing multiple preventive opportunities.14

However, when organized free-of-charge HPV vaccination was intro-

duced in schools, the differences in socio-economic factors between

the vaccinated and unvaccinated were greatly reduced and vaccine

uptake greatly increased.14

In national vaccination programs targeting only girls, HPV vacci-

nation coverage is very rarely above 95%.8 Therefore, realistic and

achievable HPV vaccination strategies to enhance the herd protection

against HPV16 infection are necessary. In 2007, a large population-

based community randomized trial was initiated in Finland to compare

the effectiveness of school-based gender-neutral HPV vaccination to

girls only-vaccination.30 Thirty-three geographically distinct communi-

ties/cities were randomized to implement either gender-neutral HPV

vaccination, girls-only HPV vaccination or gender-neutral vaccination

with a control vaccine.30 During 2007–2010, the 1992–1995 birth

cohorts in these communities were invited to receive HPV vaccination

according to communities' allocated strategy, when the early adoles-

cents were 12–15 years old.30 The vaccine up-take was moderate,

with �45% coverage among the females from the two intervention

arms and 20% among the males (in the gender-neutral

intervention arm).6 When the women from the birth cohorts were

18 years old, the HPV prevalence was estimated among the unvacci-

nated women. A distinct 59% reduction in vaccine-targeted and

cross-protected HPV18/31/33 was observed after gender-neutral

vaccination,6 but no reduction in the HPV16 prevalence.6 Neverthe-

less, when measuring the cumulative incidence of HPV16 infection

(via seroprevalence), a marked reduction also in HPV16 cumulative

incidence was observed among the unvaccinated women in the post-

trial era as compared to the pre-trial era.7 This reduction in cumulative

HPV16 incidence among the unvaccinated was only found in the com-

munities where there had been gender-neutral vaccination.7

Previously it had been suggested that it may be harder to estab-

lish herd protection among the highest sexual risk-taking group than

among the rest of the population. The reduction in cumulative HPV16

incidence was observed also among the unvaccinated women with

the highest sexual risk-taking behavior in the communities where

there had been gender-neutral vaccination.7

If HPV vaccination coverage and the vaccination strategy are not

optimal the intervention may only result in a partial herd effect which will

still result in some unvaccinated women contracting HPV16 infection.

However, if the vaccination strategy is gender-neutral and the vaccina-

tion threshold is ramped up to the country-specific critical vaccination

threshold for HPV16 then it will be possible to eliminate HPV16 and

HPV18 from that country.3,6,7 For Finland, the critical vaccination cover-

age for HPV16 has been estimated to be 74% with gender-neutral HPV

vaccination. Results from a modeling study have indicated that in the

Finnish setting if gender-neutral vaccination with 75% vaccination cover-

age is applied, then the incidence of HPV16 can be reduced to zero in all

age groups 30 years after vaccination is implemented.3 The elimination

of HPV16 from a population will be the soundest way to protect the

HPV unvaccinated women in that population.

Therefore, to protect marginalized unvaccinated women from the

risk of HPV16/18 associated cervical cancer, HPV vaccination should

be implemented based on the following requirements: (a) gender-

neutral, (b) delivered in an equitable manner, for example, in a country

with high rates of school attendance, this may be achieved via free-

of-charge school-based vaccination and (c) at a vaccination coverage

equal or higher than the country-specific critical immunization thresh-

old. It is also important to implement a comprehensive and tailored

cervical cancer prevention strategy for all immigrants and migrants

with concomitant HPV vaccination and HPV screening.

5 | ETHICAL AND LEGAL ISSUES RELATED

TO HPV VACCINATION POLICY

As previously discussed, to achieve HPV and cervical cancer elimina-

tion a primary goal is to have 90% of females vaccinated against
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HPV.31 This goal does not include vaccinating males who are also

impacted by HPV-associated disease burdens. In 2019, HPV vaccine

supply constraints led the Strategic Advisory Group of Experts on

Immunization to prioritize female HPV vaccination.32 HPV vaccine

supply has rapidly increased but in 2020 the WHO estimated that

HPV vaccine supply would not meet demand.33

On the surface, the WHO's gender restriction seems to

systematically deny an equal right for marginalized populations to

acquire protection from HPV-associated cancers. However, with the

insufficient vaccine supply at that time, we contextualized the strat-

egy within health equity and policy. We conducted a narrative review

and identified legal and ethical issues pertaining to the gender restric-

tion of HPV vaccination.8 In our study, we identified six ethical con-

structs and one legal construct which highlight important

considerations for marginalized individuals, specifically males, not

receiving direct interventions (Figure 2). Excluding males from HPV

vaccination negatively impacts all individuals regardless of sex. HPV

prevention is left to females, and without targeted intervention, males

are less aware of both HPV and HPV-associated diseases. Men who

have sex with men as well as unvaccinated females remain unpro-

tected despite herd immunity and cross protection. Questions are

raised as to whether resources should be allocated toward male vacci-

nation or increasing vaccination coverage in females. Females receive

additional protection through the well-developed screening tech-

niques for cervical cancer, whereas males receive minimal to no bene-

fit from secondary prevention as screening for HPV-associated

cancers other than cervical cancer is not common medical practice.

From a standpoint of equity and social justice, everyone, regardless of

sex should have access to timely HPV vaccination. Vaccine mandates

could help to increase vaccination rates and overall population-level

protection against HPV. Without gender-neutral vaccination,

however, a vaccination law may be discriminatory based on sex.

Although the benefits of gender-neutral vaccination seem to outweigh

the drawbacks, looking beyond the vaccine shortage, there are economic

arguments that do support the female-only HPV vaccination strategy.

Males have a lower disease burden of HPV-associated cancers34 and

with high female vaccination coverage, gender-neutral vaccination is less

cost-effective because males receive some protection.35,36 Our identified

legal and ethical constructs are important considerations for implement-

ing or withholding gender-neutral vaccination, and they can be general-

ized to multiple scenarios in which individuals or at-risk groups need to

be prioritized for HPV vaccination.

Although the supply problem was less severe in 2022 than during

the immediate pre-pandemic period, our findings are still pertinent for

HPV vaccine policy. The global HPV vaccine shortage has been par-

tially ameliorated and, recently, the WHO projected that supply was

expected to meet demand for a two-dose schedule for females,

including planned multi-age cohort catch-up vaccination, but with no

new gender-neutral programs.37 Further efforts are needed to sus-

tainably increase resources. Historically, HPV vaccination evolved

from a recommended three- to two-dose schedule starting from

North America.8 Recently, SAGE concluded that one dose provides

adequate protection against cervical cancer and recommended updat-

ing dose schedules,38 which could aid in expanding vaccine availabil-

ity. Clinical development of existing and novel vaccines could further

increase vaccine availability. Two novel vaccines, Cecolin (bivalent),

and Cervavac (quadrivalent) have recently passed phase 3 clinical tri-

als. Cecolin received licensure in 20198 and Cervavac was launched in

January 2023.39 In addition to improving vaccine availability, there are

other barriers to HPV vaccination that must be addressed. Vaccine

(A) (B)

Ethical 

constructs 

Awareness

Assessment of social 

justice, discrimination and 

equality in vaccine 
prioritization

Among males and 

females to prevent and 

limit HPV transmission

Difficulty with where to

allocate resources due to

economic limitations

From female only 

vaccination (MSM and 

unvaccinated females)

For HPV-associated 

cancers other than 

cervical

Less knowledge of HPV 

and HPV vaccination 

among males

Collective 

responsibility

Unprotected 

groups

Allocation of

resources

Lack of 

screening

Equity

Vaccine 

mandates

Female-only versus GNV 

vaccination mandates

Costs and doctor visits may

cause difficulty for males

Vaccine only approved for females,

discriminatory based on sex

Against Title IX of Education 

Amendments of 1972

School vaccination, for both sexes, may help 

Vaccine should be mandatory for school entry, 

available for both sexes, no longer discriminatory

n = 5

USA

Homan 2010

Purdue 2014

Daley 2016

Bayefsky 2019

Recommended mandatory HPV vaccination for 

college admissions to increase coverage
Koskan 2020

n = 13

n = 18

n = 10

n = 5

n = 6

n = 17

USA

Multiple

Multiple

Canada, USA

UK, USA

Multiple

2012–2021

2008–2020

2013–2020

2008–2016

2012–2020

2007–2018

F IGURE 2 Summary of the ethical (Panel A) and legal (Panel B) constructs of GNV identified by Logel et al.8 Six ethical constructs were

identified through thematic analysis (Panel A): awareness, collective responsibility, unprotected groups, allocation of resources, lack of screening

and equity. Panel A shows the number of articles discussing the ethical construct (n), the publication range, country of the majority of records and

main findings. One legal construct was identified relating to vaccine mandates (Panel B). Panel B shows the number of articles discussing the legal

construct (n), country of all records, and the specific findings from each identified article overtime.
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affordability continues to hinder several countries' planned introduc-

tion of HPV vaccination programs.37 There are further obstacles to

HPV vaccination to be considered, such as vaccine hesitancy and

acceptance. Our study's findings8 can assist the debate on how to

address these issues.

Ultimately, there is an ethical dilemma in vaccine prioritization. This

dilemma is further exacerbated by insufficient HPV vaccine availability.

However, principles of health equity and policy should take precedence

over logistical issues. The ethical and legal constructs we established as

foundational to assessing vaccine prioritization reach beyond scientific

and economic evidence to determine how to most justly protect

resource-denied groups against HPV-associated diseases.

6 | SUSTAINABILITY OF HPV VACCINE-

INDUCED PROTECTIVE ANTIBODIES

While initial HPV vaccine trials used both antibody levels and

observed efficacy against persistent infection and pre-malignant cervi-

cal lesions, there is today consensus that HPV vaccination trials can

use immunobridging data and non-inferiority criteria of antibody

levels. This is clearly pertinent, given the accumulated data on HPV

vaccination trials over the last 15 years, and follows on the evidence

that the mechanism of vaccine-induced protection relies on the induc-

tion of strong anti-HPV antibody responses. Caveats, however, are

the lack of formally defined minimal protective anti-HPV antibody

levels and the absence of robust evidence from trials in global regions

bearing the highest burden of HPV-related morbidity and mortality.

In the early HPV vaccine trials, antibody-induced neutralization

responses measured in vitro are well correlated with the estimated

study endpoints, that is, vaccine efficacy against virus-related persis-

tent infection40,41 and pre-malignant cervical lesions.42,43 Recent

studies with 3-dose (multidose) cohorts have reported sustainable

binding and neutralizing antibody levels to vaccine HPV types 16/18

for longer than a decade in recipients of the bivalent and quadrivalent

vaccines (Figure 3).10,44,45 HPV18 neutralizing antibody levels waned

considerably in a minor but relevant portion of the quadrivalent vac-

cine recipients. Fourteen percent of the quadrivalent vaccine recipi-

ents followed up by a population-based cohort in Finland had neither

detectable total nor neutralizing antibody levels 2–4 years after vacci-

nation, whereas all bivalent vaccine recipients were HPV18 neutraliz-

ing antibody seropositive for up to 12 years post vaccination.10,44

Consistent with the above findings, the 10-year immunogenicity fol-

low up with participants of the IARC trial in India reported a similar

lack of HPV18 neutralizing antibodies in 16% and 18% of quadrivalent

vaccine recipients 10 years post-administration of, respectively, 3 and

2 vaccine doses. In the same IARC trial, more than half (51%) of quad-

rivalent vaccine recipients were HPV18 neutralizing antibody negative

at year 10 when 1-dose vaccination was administered.46 In this con-

text, recent DoRIS study data is noteworthy.47 In spite of robust anti-

body responses to HPV16 and HPV18 up to 2-years post vaccination

following a single dose of either the bivalent or nonavalent HPV vac-

cines in adolescent girls aged 9–14 years, the HPV18 seropositivity at

month 24 did not meet non-inferiority criteria for single dose

compared to multidose schedules for either vaccine.

An important aspect to be addressed on the pursuing of the

WHO call for cervical cancer elimination48 should be a continued

vaccine-induced protection against HPV types other than 16 and 18.

In this respect, the prevalence of sustainable cross-neutralizing anti-

body levels to non-vaccine HPV types is significantly higher in biva-

lent vaccine recipients (3-dose) as compared to quadrivalent vaccine

recipients (3-dose) followed by the Finnish Maternity Cohort for up to

12 years post-vaccination.10 Importantly, neutralizing antibody levels

to alpha-9 HPV types and reported vaccine efficacy against corre-

sponding persistent infection were significantly correlated in bivalent

vaccine recipients, but (as expected) not in quadrivalent vaccine recip-

ients. Nevertheless, long-term vaccine efficacy against cervical intra-

epithelial neoplasia caused by HPV16 and HPV18 remained very high

for both bivalent and quadrivalent vaccines.49–51

Clinical data suggest that the mechanisms of cross-type protec-

tion are predominantly driven by cross-neutralizing antibodies. On the

other hand, it may also depend on the activation of antibody-

mediated innate immune responses (therefore beyond virus neutrali-

zation). Roy et al52 recently demonstrated significant differences in

Fc-effector functions following bivalent and quadrivalent HPV vacci-

nation, with the first one triggering an enhanced coordinated

response against HPV16 and HPV18 in terms of antibody subclass,

isotype, Fc-receptor binding and Fc-effector functions as compared to

the latter one. We need to understand how these findings explain dif-

ferences in the observed cross-protective efficacies induced by the

bivalent and quadrivalent vaccines, and their relevance for the

immune responses induced by nonavalent vaccines.

The steady antibody responses induced by the HPV vaccines are

a result of sustained production by plasma cells, largely afforded

through the generation and maintenance of strong memory B cell acti-

vation. HPV-specific memory B cell responses are induced early upon

vaccination53 and may remain quiescent for long periods until readily

recalled following antigen (re)exposure. Sustained immune responses

induced upon vaccination are critically impacted by the number and

timing of vaccine doses, but pertinent data on the effect of doses in

HPV vaccine-induced B-cell response is currently scarse and challeng-

ing to interpret due to discrepancies in cohort ages54 despite the

strong evidence supporting an optimal memory B cell response in chil-

dren aged 9–13 years.55 Memory B cell response triggered after infec-

tion may be a key mechanism driving vaccine-induced protection

following 1-dose schedule but this and associated caveats remain to

be elaborated.

7 | RESILIENCE OF HPV VACCINATION

PROGRAMS

7.1 | Context and threats

Disease prevention and control programs worldwide have regularly

suffered from severe disruption caused by factors such as changes in
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political commitment, financial constraints, skepticism of the civil

society, geo-political unrest, and environmental disasters. The most

recent episode of massive and global disruption of healthcare systems

was caused by the COVID-19 pandemic.56 The pandemic has

disrupted the Global Strategy for cervical cancer elimination.57 With

respect to HPV vaccination, the pandemic slowed down or

interrupted vaccine delivery where HPV vaccination programs were

already active, delayed the launch of HPV vaccination programs in

several resource-limited countries, and limited the production of HPV

vaccines to favor the manufacturing of other vaccines.

7.2 | Threat mitigation: Building up resilience

To mitigate the negative impact on health of such public health cri-

ses as well as the waste of human, logistic, and financial resources,

it would be farsighted to devise and implement pre-emptive mea-

sures aimed at improving the resilience of public health programs.

In two separate modeling studies conducted in Sweden12 and

India,58 respectively, we have assessed the potential mitigation

effect offered by gender-neutral vaccination. In the former study,

conducted before the coronavirus pandemic, and using a

population-based HPV transmission model adapted to account for

Swedish HPV epidemiology and sexual behavior, we have illus-

trated how the addition of boys' vaccination to an ongoing program

targeting girls only can make an HPV vaccination program more

resilient to sudden and prolonged vaccination interruptions. Resil-

ience is defined, for both gender-neutral and girls-only HPV vacci-

nation, as the residual impact of HPV vaccination in case of a

temporary coverage reduction. In the latter study, conducted after

the coronavirus pandemic, and using an agent-based HPV transmis-

sion model adapted to the Indian setting, we have illustrated how

gender-neutral vaccination remains more resilient than girls-only

vaccination over a wide variation of duration and magnitude of the

disruption of the vaccination program.

The condition underlying the gain in resilience by switching from

girls-only to gender-neutral vaccination is the age difference between

sexual partners, with men being on average older than women within

sexual partnerships almost everywhere worldwide.59 In cases of vacci-

nation disruption, the birth cohorts of boys vaccinated before the dis-

ruption would indirectly protect the cohorts of younger girls who

missed out on vaccination during the disruption period.

7.3 | Generalization and considerations

As illustrated with our above-mentioned studies, which were con-

ducted in populations with substantially different demographic and

sexual behaviors, the gain in resilience attributable to gender-neutral

vaccination is generalizable to any settings in which men tend to be

older than their female partners. Of note, here we have considered

gender-neutral HPV vaccination only as an approach to mitigate the

pernicious impact of vaccination disruption. However, including boys

as a target of HPV vaccination programs has advantages also in

absence of disruption as this approach offers a direct protection to

males against cancers attributable to HPV infection and an indirect

protection to unvaccinated women against cervical cancer and other

HPV-related cancers. Currently, WHO do not actively recommend

vaccination of boys. Currently the main impediment to the introduc-

tion of gender-neutral vaccination is vaccine availability and cost.

8 | COST-EFFECTIVE CERVICAL CANCER

SCREENING IN HPV VACCINATED BIRTH

COHORTS—A GENERAL PICTURE

We simulated cervical cancer-related disease burden in

HPV-vaccinated birth cohorts under various screening and vaccina-

tion scenarios. In particular, annual quality assured life-years lost and

treatment costs due to cervical cancer and screening findings,
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including follow-up, as well as costs of screening tests were simulated

in a population consisting of 50,000 boys and 50,000 girls birth

cohorts using multitype HPV transmission and progression

models60,61 which were adjusted and calibrated to prevaccination era

data.62,63 In the post-vaccination steady state, the annual disease bur-

den equals the lifetime (un-discounted) disease burden among all birth

cohorts including (also unvaccinated cohorts), but except for HPV16

the steady state is achieved among vaccination-age birth cohorts in a

few birth-cohorts (Table 1) compared to the decades for the total

population.

The vaccination scenarios were no vaccination, girls-only vaccina-

tion, and girls-and-boys vaccination, using bivalent, quadrivalent, or

nonavalent vaccines with 80% coverage. The screening scenarios

were no screening, actual prevaccination era screening (in Finland),

and 38 screening scenarios. The 38 scenarios are not specified here as

the purpose was not to compare different specific screening scenarios

but to present a general picture. Among the 38 screening scenarios,

the least intensive one consisted of two lifetime screening rounds at

ages 35 and 50 years.

According to the simulation, screening did remarkably well to

reduce quality-assured life-years lost in the prevaccination era

(Figure 4, black X vs circle), although the actual prevaccination

era screening was not optimal, especially regarding the costs. The

cost-effectiveness analyses to start vaccination programs were

typically assuming no changes in the screening programs (Figure 4B,

comparison between x's), but the continuation of actual prevaccina-

tion era screening is extremely costly compared to the other screening

scenarios (x's vs dots). Vaccination alone had a huge impact on the

disease burden (Figure 4B), however, except for the most effective

vaccination programs, some screening is needed also in vaccinated

populations to achieve the realized level of quality-assured life years

lost at prevaccination era. While the lightest screening scenarios

(Figure 4B, right-most dots) reduce the disease burden with at most

low increase of costs compared to the no screening scenario with all

vaccination programs, improving the lightest screening scenarios dif-

fers remarkably between the vaccination programs. For the lower

effectiveness vaccination programs (eg, girls-only programs), there is

room for cost-effective improvements as many scenarios exist with

lower quality-assured life years lost and only moderately increased

costs. For the higher effectiveness vaccination programs (boys-and-

girls programs using vaccines with wide type-specific protection),

improving the lightest screening scenarios is more difficult as the

costs increase steeply compared to pertinent improvements. Eventu-

ally success of the vaccination program must be considered in design
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of a cost-effective screening program for vaccinated birth cohorts.

The vaccinated birth cohorts are currently entering the traditional

screening ages, indicating an urgent need for updating the programs

to avoid high costs and adverse consequences of screening.

8.1 | Disclaimer

Even though the two round screening scenario was attractive among

the analyzed scenarios, we are not claiming that such program should

be implemented based on this analysis. Results of a randomized trial

on frequent (at ages 22, 25 and 28) vs infrequent (at age 28) screening

of 7000 women, who received HPV vaccination at age 14 between

2007 and 200964 are emerging later this year, and should help to

establish an optimal scenario.

9 | CONCLUSIONS

The discovery that several common forms of cancer are caused by

an infection that can be easily prevented using effective vaccines is

the most important medical intervention for cancer prevention that

exists today. The experience from Covid vaccination efforts have

clearly demonstrated that also very large-scale global efforts with

massive number of vaccinations can be achieved in a short time

and massive numbers of vaccine doses can be produced, when

there is sufficient motivation to do so. The scientific evidence

reviewed at the workshop suggested that strategies with more

ambitious use of HPV vaccines would be helpful to accelerate elim-

ination of HPV and cervical cancer.

It is also evident that the huge scientific advances in the HPV field

for example in etiological research and for generating highly effective

HPV vaccines and HPV screening tests are not enough to automati-

cally result in rapid elimination of HPV and cervical cancer. Acceler-

ated elimination will need sound evidence basis from continued and

updated research efforts, both in basic sciences, in vaccine research

and translational sciences.

AUTHOR CONTRIBUTIONS

Matti Lehtinen: Introduction. Laia Bruni: Worldwide HPV vaccina-

tion and screening coverage. Miriam Elfström: Faster elimination of

cervical cancer by combining HPV vaccination and screening.

Penelope Gray: Generation and impact of herd effect against

human papillomavirus. Margaret Logel: Ethical issues related to

HPV vaccination policy. Filipe Colaço Mariz: Sustainability of HPV

vaccine-induced protective antibodies. Iacopo Baussano: Sustain-

ability of HPV vaccination induced overall protective effectiveness.

Simopekka Vänskä: Cost-efficiency of combined HPV vaccination

and screening. Joakim Dillner: Editing, Abstract and Conclusions.

Eduardo Franco: Editing, Abstract and Conclusions. The work

reported in the article has been performed by the authors, unless

clearly specified in the text.

ACKNOWLEDGEMENTS

This report is based on presentations the co-authors gave at the

EUROGIN 2023 Main Scientific Session in Bilbao; Spain on 9 February

2023. Support of the EU Horizon 2020 Framework Programme for

Research and Innovation of the European Commission through the

RISCC Network (grant. no. 847845) is gratefully acknowledged.

The work described by Iacopo Baussano was funded by the Bill &

Melinda Gates Foundation (grant number: INV-039876).

FUNDING INFORMATION

Joakim Dillner, Eduardo Franco and Matti Lehtinen have received

funding for HPV vaccination studies through their employers from

GSK Biologicals (EF, ML) and Merck (JD, EF, ML). Filipe Colaço Mariz

holds a position supported by the Helmholtz Validation Funds

(TpanHPVac).

CONFLICT OF INTEREST STATEMENT

The authors do not have a conflict of interest to declare, but over the

years Eduardo Franco has served as occasional consultant to compa-

nies involved with HPV vaccines (Merck, GSK) or HPV diagnostics

(Roche, BD). The Cancer Epidemiology Research Program (with which

Laia Bruni is affiliated) has received unrestricted research grants from

Merck, and HPV test kits at no cost from Roche for research

purposes.

DATA AVAILABILITY STATEMENT

Requests concerning data availability need to be addressed to co-

authors responsible for a given chapter as indicated at the end of the

report.

ORCID

Matti Lehtinen https://orcid.org/0000-0002-9481-0535

Miriam Elfström https://orcid.org/0000-0002-0514-7226

Penelope Gray https://orcid.org/0000-0001-9065-4734

Iacopo Baussano https://orcid.org/0000-0002-7322-1862

Simopekka Vänskä https://orcid.org/0000-0002-5677-721X

Eduardo L. Franco https://orcid.org/0000-0002-4409-8084

Joakim Dillner https://orcid.org/0000-0001-8588-6506

REFERENCES

1. Ronco G, Dillner J, Elfström KM, et al. Efficacy of HPV-based screen-

ing for prevention of invasive cervical cancer: follow-up of four euro-

pean randomised controlled trials. Lancet. 2014;383:524-532.

2. World Health Organisation. WHO Director-General calls for all

countries to take action to help end the suffering caused by cervical

cancer. 2018 https://www.who.int/reproductivehealth/call-to-

action-elimination-cervical-cancer/en

3. Lehtinen M, Gray P, Louvanto K, Vänskä S. In 30 years gender-neutral

vaccination eradicates oncogenic human papillomavirus (HPV) types

while screening eliminates HPV-associated cancers. Exp Rev Vaccines.

2022;21:735-738. doi:10.1080/14760584.2022.2064279

4. Bruni L, Saura-Lázaro A, Montoliu A, et al. HPV vaccination introduc-

tion worldwide and WHO and UNICEF estimates of national HPV

immunization coverage 2010–2019. Prev Med. 2021;144:106399.

1546 LEHTINEN ET AL.

 1
0
9
7
0
2
1
5
, 2

0
2
4
, 9

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ijc.3

4
8
3
9
 b

y
 D

k
fz Z

en
tralb

ib
lio

th
ek

 K
reb

sfo
rsch

u
n
g
szen

tru
m

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [3

1
/0

7
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



5. Bruni L, Serrano B, Roura E, et al. Cervical cancer screening

programmes and age-specific coverage estimates for 202 countries

and territories worldwide: a review and synthetic analysis. Lancet Glob

Health. 2022;10:e1115-e1127.

6. Vänskä S, Luostarinen T, Baussano I, et al. Vaccination with moderate

coverage eradicates oncogenic human papillomaviruses if a gender-

neutral strategy is applied. J Infect Dis. 2020;222:948-956.

7. Gray P, Kann H, Pimenoff VN, et al. HPV seroprevalence in pregnant

women following gender-neutral and girls-only vaccination programs

in Finland. PLoS Med. 2021;18:e1003588.

8. Logel M, Laurie C, El-Zein M, et al. A review of ethical and legal

aspects of gender-neutral human papillomavirus vaccination. Cancer

Epidemiol Biomarkers Prev. 2022;31:919-931.

9. Kann H, Lehtinen M, Eriksson T, Surcel HM, Dillner J, Faust H. Sus-

tained cross-reactive antibody responses after human papillomavirus

vaccinations. Up to 12 years follow-up in the Finnish Maternity

Cohort. J Infect Dis. 2021;223:1992-2000.

10. Mariz FC, Gray P, Bender E, et al. Sustainability of bi- and quadriva-

lent HPV vaccine-induced neutralizing antibodies. Lancet Infect Dis.

2021;10:1458-1468.

11. Gargano JW, You M, Potter R, et al. An evaluation of dose-related

HPV vaccine effectiveness using central registries in Michigan. Cancer

Epidemiol Biomarkers Prev. 2022;31:181-193.

12. Elfström KM, Lazzarato F, Franceschi S, Dillner J, Baussano I. Human

papillomavirus vaccination of boys and extended catch-up vaccina-

tion: effects on the resilience of programs. J Infect Dis. 2016;213:

199-205.

13. Elfström M, Eklund C, Lamin H, et al. Organized primary human

papillomavirus–based cervical screening: a randomized healthcare

policy trial. PLoS Med. 2021;19:1003748.

14. Malmqvist E, Helgesson G, Lehtinen J, Natunen K, Lehtinen M. The

ethics of implementing HPV vaccination. Med Health Care Philos.

2011;14:19-27.

15. Lehtinen M, Baussano I, Paavonen J, Vänskä S, Dillner J. Eradication

of human papillomavirus and elimination of HPV-related

diseases – scientific basis for global public health policies. Exp Rev

Vaccines. 2019;18:153-160.

16. World Health Organization. Global strategy to accelerate the elimina-

tion of cervical cancer as a public health problem [Internet]. 2020

https://www.who.int/publications/i/item/9789240014107

17. World Health Organization. Human Papillomavirus (HPV) vaccination

coverage dashboard [Internet]. 2022 https://immunizationdata.who.

int/pages/coverage/hpv.html

18. Bruni L, Serrano B, Roura E, et al. Cervical cancer screening pro-

grammes and age-specific coverage estimates for 202 countries and

territories worldwide: a review and synthetic analysis. Lancet Glob

Health. 2022;10:e1115-e1127.

19. Brisson M, Kim JJ, Canfell K, et al. Impact of HPV vaccination and cer-

vical screening on cervical cancer elimination: a comparative model-

ling analysis in 78 low-income and lower-middle-income countries.

Lancet. 2020;395:575-590.

20. Serrano B, Ibáñez R, Robles C, Peremiquel-Trillas P, de Sanjosé S,

Bruni L. Worldwide use of HPV self-sampling for cervical cancer

screening. Prev Med. 2022;154:106900.

21. Dillner J, Elfström KM, Baussano I. Prospects for accelerated elimina-

tion of cervical cancer. Prev Med. 2021;153:106827. doi:10.1016/j.

ypmed.2021.106827

22. Bosch XF, Robles C, Diaz M, et al. HPV faster: broadening the per-

spectives in the prevention of HPV related cancers. Nat Rev Clin

Oncol. 2016;13:119-122.

23. Lei J, Ploner A, Elfström KM, et al. HPV vaccination and the risk of

invasive cervical cancer. N Engl J Med. 2020;383:1340-1348.

24. Lehtinen M, Dillner J. Clinical HPV vaccine trials and beyond. Nat Rev

Clin Oncol. 2013;10:400-410.

25. WHO. Global Strategy to Accelerate the Elimination of Cervical Cancer

as a Public Health Problem. World Health Organization; 2020.

26. Keeling MJ, Rohani P. Modeling Infectious Diseases in Humans and Ani-

mals. Princeton University Press; 2007.

27. Baussano I, Lazzarato F, Ronco G, Franceschi S. Impacts of human

papillomavirus vaccination for different populations: a modeling

study. Int J Cancer. 2018;143:1086-1092.

28. Baussano I, Lazzarato F, Ronco G, Lehtinen M, Dillner J, Franceschi S.

Different challenges in eliminating HPV16 compared to other types: a

modeling study. J Infect Dis. 2017;216:336-344.

29. Jit M, Prem K, Benard E, Brisson M. From cervical cancer elimination

to eradication of vaccine-type human papillomavirus: feasibility, pub-

lic health strategies and cost-effectiveness. Prev Med. 2021;144:

106354.

30. Lehtinen M, Baussano I, Apter D, et al. Characteristics of a cluster-

randomized, phase IV human papillomavirus vaccination effectiveness

trial. Vaccine. 2015;33:1284-1290.

31. World Health Organisation (WHO). A cervical cancer-free future:

First-ever global commitment to eliminate a cancer. 2020 https://

www.who.int/news/item/17-11-2020-a-cervica

32. World Health Organization. Weekly Epidemiological Record, 2019,

vol. 94, 47 [full issue]. Wkly Epidemiol Rec = Relev épidémiologique

Hebd 2019; 94: 541–560.

33. World Health Organization. Global Market Study – HPV. WHO; 2020.

34. de Martel C, Georges D, Bray F, Ferlay J, Clifford GM. Global burden

of cancer attributable to infections in 2018: a worldwide incidence

analysis. Lancet Glob Health. 2020;8:e180-e190.

35. Brisson M, Benard E, Drolet M, et al. Population-level impact, herd

immunity, and elimination after human papillomavirus vaccination: a

systematic review and meta-analysis of predictions from

transmission-dynamic models. Lancet Public Health. 2016;1:e8-e17.

36. Aggarwal R, Pollard JABN. Strategic Advisory Group of Experts on

Immunization. Working Group on Human Papillomavirus (HPV) Immuni-

zation Report to SAGE. SAGE; 2018.

37. World Health Organization. Global Market Study – HPV. WHO; 2022.

38. World Health Organization (WHO). One-dose human papillomavirus

(HPV) vaccine offers solid protection against cervical cancer.

2022 https://www.who.int/news/item/11-04-2022-one-dose-

human-papillomavirus-(hpv)-vaccine-offers-solid-protection-against-

cervicalcancer

39. Bureau AN. SII launches India's first indigenously made cervical can-

cer vaccine ‘CERVAVAC’: all about the vaccine. 2023 https://news.

abplive.com/health/serum-institute-of-india-launch-first-made-in-

india-hpv-quadrivalent-human-papillomavirus-vaccine-cervavac-by-

union-home-minister-amit-shah-1577715

40. Harper DM, Franco EL, Wheeler CM, et al. Sustained efficacy up to

4.5 years of a bivalent L1 virus-like particle vaccine against human

papillomavirus types 16 and 18: follow-up from a randomised control

trial. HPV vaccine study group. Lancet. 2006;367:1247-1255.

41. Garland SM, Hernandez-Avila M, Wheeler CM, et al. Quadrivalent

vaccine against human papillomavirus to prevent anogenital diseases.

Females united to unilaterally reduce endo/ectocervical disease

(FUTURE) I investigators. N Engl J Med. 2007;356:1928-1943.

42. Villa Villa L, Costa RLR, Petta CA, et al. High sustained efficacy of a

prophylactic quadrivalent human papillomavirus (HPV) types

6/11/16/18 L1 virus-like particle (VLP) vaccine through five years of

follow-up. Br J Cancer. 2006;95:1459-1466.

43. Lehtinen M, Lagheden C, Söderlund-Strand A, et al. Ten year follow-

up of human papillomavirus vaccine efficacy against the most strin-

gent cervical neoplasia end-point – registry-based follow-up of ran-

domized trial cohorts. BMJ Open. 2017;7:e015867.

44. Artemchuk H, Eriksson T, Poljak M, et al. Long-term seroresponse to

human papillomavirus vaccines. Up to 12 years follow-up in the Finn-

ish Maternity Cohort. J Infect Dis. 2019;219:582-589.

LEHTINEN ET AL. 1547

 1
0
9
7
0
2
1
5
, 2

0
2
4
, 9

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ijc.3

4
8
3
9
 b

y
 D

k
fz Z

en
tralb

ib
lio

th
ek

 K
reb

sfo
rsch

u
n
g
szen

tru
m

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [3

1
/0

7
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



45. Kreimer A, Sampson JN, Porras C, et al. Evaluation of durability of a

single dose of the bivalent HPV vaccine: the CVT trial. J Natl Cancer

Inst. 2020;112:1038-1046.

46. Joshi S, Anantharam D, Muwonge R, et al. Evaluation of immune

response to single dose of quadrivalent HPV vaccine at 10-year post-

vaccination. Vaccine. 2023;41:236-245.

47. Watson-Jones D, Changalucha J, Whitworth H, et al. Immunogenicity

and safety of one-dose human papillomavirus vaccine compared with

two or three doses in Tanzanian girls (DoRIS): an open-label, random-

ised, non-inferiority trial. Lancet Glob Health. 2022;10:e1473-e1484.

48. WHO. To eliminate cervical cancer in the next 100 years, implement-

ing an effective strategy is critical. https://www.who.int/news/item/

04-02-2020-to-eliminate-cervical-cancer-in-the-next-100-years

49. Basu P, Malvi SG, Joshi S, et al. Vaccine efficacy against persistent

human papillomavirus (HPV) 16/18 infection at 10 years after one, two,

and three doses of quadrivalent HPV vaccine in girls in India: a multicen-

tre, prospective, cohort study. Lancet Oncol. 2021;22:1518-1529.

50. Porras C, Tsang SH, Herrero R, et al. Efficacy of the bivalent HPV vac-

cine against HPV 16/18-associated precancer: long-term follow-up

results from the Costa Rica Vaccine Trial. Lancet Oncol. 2020;21:

1643-1652.

51. Kjaer SK, Nygård M, Sundström K, et al. Final analysis of a 14-year

long-term follow-up study of the effectiveness and immunogenicity

of the quadrivalent human papillomavirus vaccine in women from

four Nordic countries. EClinicalMedicine. 2020;23:100401.

52. Roy V, Jung W, Linde C, et al. Differences in HPV-specific antibody

Fc-effector functions following Gardasil and Cervarix vaccination.

NPJ Vaccines. 2023;15:39.

53. Pasmans H, Berkowska MA, Diks AM, et al. Characterization of the

early cellular immune response induced by HPV vaccines. Front Immu-

nol. 2022;13:863164.

54. Prabhu PR, Carter JJ, Galloway DA. B cell responses upon human papil-

lomavirus (HPV) infection and vaccination. Vaccines. 2022;10:837.

55. Smolen KK, Gelinas L, Franzen L, et al. Age of recipient and number

of doses differentially impact human B and T cell immune memory

responses to HPV vaccination. Vaccine. 2012;30:3572-3579.

56. WHO. Coronavirus disease (COVID-19) pandemic. www.who.int/

europe/emergencies/situations/covid-19

57. WHO. Global strategy to accelerate the elimination of cervical cancer

as a public health problem. www.who.int/publications/i/item/

9789240014107

58. Man I, Georges D, Sankaranarayanan R, et al. Building resilient cervi-

cal cancer prevention through gender-neutral HPV vaccination. eLife.

2023;12:85735. doi:10.1101/2023.01.17.23284655

59. Wellings K, Collumbien M, Slaymaker E, et al. Sexual behaviour in

context: a global perspective. Lancet. 2006;368:1706-1728.

60. Vänskä P, Auranen K, Apter D, et al. Impact of vaccination on

14 high-risk HPV type infections: a mathematical modelling approach.

PLoS One. 2013;8:e72088.

61. Vänskä S, Bogaards JA, Auranen K, Lehtinen M, Berkhof J. Com-

pressed mixture models for multiple-type HPV disease progression:

can they be used to inform cervical cancer screening. Math Biosci.

2019;309:92-106.

62. Salo H, Leino T, Tiihonen P, et al. Estimating the burden of HPV-

related diseases in women in Finland a register-based study. Int J Can-

cer. 2013;133:1459-1469.

63. Salo H, Nieminen P, Kilpi T, et al. Divergent coverage, frequency and

costs of opportunistic and organized Pap testing in Finland. Int J Can-

cer. 2014;135:204-213.

64. Louvanto K, Eriksson M, Elfströn M, et al. Baseline findings and safety

of infrequent vs frequent screening of human papillomavirus vacci-

nated women. Int J Cancer. 2020;147:440-447.

How to cite this article: Lehtinen M, Bruni L, Elfström M, et al.

Scientific approaches toward improving cervical cancer

elimination strategies. Int J Cancer. 2024;154(9):1537‐1548.

doi:10.1002/ijc.34839

1548 LEHTINEN ET AL.

 1
0
9
7
0
2
1
5
, 2

0
2
4
, 9

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ijc.3

4
8
3
9
 b

y
 D

k
fz Z

en
tralb

ib
lio

th
ek

 K
reb

sfo
rsch

u
n
g
szen

tru
m

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [3

1
/0

7
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se


