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Abstract

Importance. Human papillomavirus (HPV) vaccine clinical trials demonstrate high vaccine
efficacy, but post-licensure real-world effectiveness data are needed to inform vaccination and
cancer prevention recommendations and policies. Little is known about effectiveness in adolescent
and young adult women at high risk for HPV-related cancers and after 9-valent HPV vaccine
introduction.

Objective: To examine effectiveness and herd protection over the first 17 years after HPV
vaccine introduction in young women at elevated risk for HPV infection and related cancers.

Design. Six cross-sectional surveillance studies from 2006-2023.

Participants: Consecutive sample of 13-26 year-old sexually experienced girls and women
recruited from clinical settings.

Exposure: Participants were stratified by HPV vaccination status: those who received at least
one vaccine dose were defined as vaccinated.
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Main Outcomes and Measures: Proportions of vaccinated and unvaccinated women positive
for at least one type in the 2-valent (2vHPV), 4-valent (4vHPV), and 9-valent (9vHPV) vaccines
in each of the six studies to assess effectiveness and herd protection. We compared the prevalence
of vaccine-type HPV in vaccinated women from surveillance studies 2 through 6 to the women
recruited in surveillance study 1, all of whom were unvaccinated. We used inverse probability

of treatment weighting with propensity score to balance between-wave differences in participant
characteristics.

Results. Of the 2,335 participants, 75% identified as Black/multiracial and 7% Latino, 51%
reported a sexually transmitted infection (STI) history, and 79% reported 2+ male sex partners.
Vaccination rates increased from 0% to 82% from 2006 to 2023. Among vaccinated women,
positivity for 2vHPV decreased from 27.7%-0.4% (relative difference 98.4%), 4vHPV from
35.4%-2.1% (94.2%), and 9vHPV from 48.6%-11.8% (75.7%), providing evidence of vaccine
effectiveness. Among unvaccinated women, positivity for 2vHPV decreased from 25.8%-7.3%
(relative difference 71.6%), for 4vHPV from 25.3%-6.1% (75.8%), and for 9vHPV from 42.7%
-31.1% (27.2%), providing evidence of herd protection. Adjusted logistic regression demonstrated
significant reductions in 2vHPV and 4vHPV in all, vaccinated, and unvaccinated women.

Conclusions and Relevance. Real-world effectiveness and herd protection were robust 17
years after HPV vaccine introduction, even in sexually experienced women at relatively high risk
for HPV who may not have received the full vaccination series.

Introduction

Human papillomavirus (HPV) is the most common sexually transmitted infection globally.
Infection with low-risk HPV types such as HPV6 and 11 may cause oropharyngeal and
anogenital warts and persistent infection with high-risk types such as HPV16 and 18

may cause oropharyngeal and anogenital cancers in women and men.(1-3) Approximately
630,000 new cancers each year are attributable to HPV, representing 4.5% of all cancers
globally: the estimated relative contribution of HPVV16 and 18 to cervical cancer is 71% and
to anal cancer 87%.(4) Substantial racial, ethnic, socioeconomic, and geographic disparities
exist for HPV-associated cancers.(5) Cervical cancer mortality is disproportionately high in
low and middle-income countries, and is the leading cause of cancer-related death among
women in 42 countries, largely in Sub-Saharan Africa and South-Eastern Asia.(6)

Three prophylactic HPV vaccines have been licensed in the U.S.: a 2-valent vaccine that
prevents HPV16 and 18 (approved by the U.S. Food and Drug Administration in 2009),
4-valent vaccine that prevents HPV6, 11, 16, and 18 (approved 2006), and 9-valent vaccine
that prevents HPV6, 11, 16, 18, 31, 33, 45, 52, and 58 (approved 2014). The 9-valent
vaccine, the only vaccine available in the U.S. since 2016, targets HPV types that cause
approximately 90% of cervical cancers.(4) The U.S. Centers for Disease Control and
Prevention recommend HPV vaccination for 9- to 26-year-old women and men as a two-
or three-dose series depending on age,(7-9) and the World Health Organization (WHO)
Strategic Advisory Group of Experts on Immunization notes that a single-dose schedule
can be used in girls and boys aged 9-20 years, if not immunocompromised, as an off-label
option.(10)
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Clinical trials have demonstrated evidence for high vaccine efficacy in preventing HPV
infections and precancers(11-15) but the data have limitations in that those who are
recruited for clinical trials differ from the general population(16) and efficacy analyses

are often restricted to those who were negative for vaccine-type HPV and completed all
vaccine doses. Yet vaccine policy and cervical cancer prevention recommendations intended
for broader populations are typically based on clinical trials data. Studies that evaluate the
real-world effectiveness of HPV vaccine introduction in communities, which may differ
from clinical trials efficacy data, are therefore an essential component of post-licensure
vaccine monitoring. They are important not only to provide accurate data for studies

that model the potential impact and cost-effectiveness of vaccine introduction, but also

to guide policies, recommendations, and public health strategies for both vaccines and
cervical cancer screening.(17) Modeling studies, vaccination and screening guidance, public
health strategies and policy similarly benefit from data on herd protection, a reduction in
HPV prevalence among unvaccinated individuals driven by a decrease in transmission from
vaccinated individuals.(18, 19)

A growing literature supports real-world effectiveness of HPV vaccine introduction in
preventing HPV infection, precancers, and cancers in vaccinated women and herd protection
in unvaccinated women and men.(20-28) However, little is known about real-world
effectiveness and herd protection among those who are at relatively high risk for HPV
infection and HPV-associated cancers due to unfavorable social determinants of health,
sexual behaviors, exposure to vaccine-type HPV prior to vaccination, or nonadherence

to vaccine dosing recommendations. In addition, few studies have examined real-world
effectiveness and herd protection after 9-valent vaccine introduction. Finally, few studies
collect data necessary to adjust analyses for variables that may be associated with HPV
infection, to ensure that changes in prevalence are driven by HPV vaccine introduction vs.
participant characteristics such as sexual behaviors that may affect differences in prevalence
over time.

The objective of this study was to investigate real-world effectiveness and herd protection
over the 17 years after HPV vaccine introduction through surveillance studies before and
after vaccine introduction. The study addresses existing gaps in the literature including
recruitment of a diverse population of sexually experienced young women at elevated

risk for HPV and HPV-related cancers, assessment of the impact of 9-valent vaccine
introduction, and adjustment for differences in participant characteristics across surveillance
studies. The specific aims were to 1) determine trends in prevalence of HPV types
targeted by the 2-valent vaccine (2vHPV), 4-valent vaccine (4vHPV) and 9-valent vaccine
(9vHPV) from 2006 to 2023 among vaccinated young women to assess real-world vaccine
effectiveness, and 2) determine trends in 2vHPV, 4vHPV, and 9vHPV types among
unvaccinated young women to assess herd protection. Our hypothesis was that trends for
all three outcomes would decline significantly in both vaccinated and unvaccinated young
women.
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Methods

Participants

We recruited young women for six cross-sectional surveillance studies between October
2006 (prior to widespread vaccine introduction) and September 2023, 17 years after vaccine
introduction. Participants (n=2,335) were recruited from a university-affiliated, hospital-
based primary care clinic for adolescents and young adults (Teen Health Center) and three
Health Department locations (obstetrics and gynecology clinic, sexually transmitted disease
clinic, and primary care clinic).

Inclusion criteria were age between 13 and 26 years, assigned female at birth (hereafter
referred to as women but inclusive of different gender identities), history of sexual contact
(oral-genital or genital-genital), and not having participated in a previous surveillance
study. All surveillance studies were approved by the hospital’s and health department’s
Institutional Review Boards. Parental consent was waived for those younger than 18

years of age and participants provided written informed consent. We used a sequential
recruitment strategy and 95-98% of those approached in each of the first four studies
agreed to participate. Sample sizes were based on preliminary data and a power analysis
demonstrating >99.9% power to detect a decline in vaccine-type HPV of 81% in vaccinated
women and 80% power to detect a decline of 41% in unvaccinated women.

Procedures

Participants completed a written survey instrument assessing sociodemographic
characteristics including race and ethnicity (as required by study sponsor), medical history,
and behaviors that were potential risk factors for HPV infection. The survey instrument’s
development and validity were described previously.(20, 21) Either the participant or a
clinician collected a cervicovaginal swab, using standardized procedures.(29-31)

The cervicovaginal samples were genotyped for HPV using the Roche Linear Array test for
the first four surveillance studies and, after this test was discontinued, by the TypeSeq?2 test.
The Roche Linear Array is a polymerase chain reaction amplification technique that uses
an L1 consensus primer system and a reverse-line blot detection strip to identify 36 HPV
genotypes.(32, 33) The TypeSeq?2 assay is a next generation sequencing (NGS)-based assay
developed at the Cancer Genomics Research laboratory of the National Cancer Institute
which detects 46 individual types (manuscript in preparation). Briefly, multiplexed PCR
targeting various regions of the HPV L1 gene, and additional regions of the HPV E6

and E7 genes for the 13 carcinogenic HPV types, HPV6, and HPV11, were amplified
simultaneously with host genome and assay spike-in controls. The resulting amplicons were
dual-barcoded for NGS of pooled libraries performed using the lon GeneStudio S5 System.

Vaccination status was assessed for 99.4% of participants through review of the

electronic health record, and if information was not available, through the Ohio statewide
immunization registry or the participant’s primary care clinician’s records. The participant’s
self-reported vaccination status was used for analysis in the remaining 0.6%.
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Statistical Analyses

Results

Participant sociodemographic characteristics, medical history, and behaviors were analyzed
using descriptive methods. Univariable analyses (Chi-square, Fisher’s exact test, Kruskal
Wallis test, and analysis of variance) and standardized mean differences (SMD) were

used to determine if there were any differences (p<.05 and/or mean or maximum SMD
between all pairwise study waves>0.2)(34-36) in participant variables across surveillance
studies. Differences were noted for some variables; therefore, we used inverse probability
of treatment weighting (IPTW) with propensity score to balance between-study differences
in participant characteristics (see supplement). Logistic regression with IPTW was used

to estimate and compare prevalences across surveillance studies with adjustment for
imbalanced covariates, if any, after IPTW.(37-39) Missing data on patient characteristics
were minimal (ranging from 0-1.3%) and were imputed with mode or collapsed with other
categories when appropriate to avoid missing in estimated propensity scores. Participants
with missing data on HPV outcomes (n=25) were excluded in the prevalence analysis.

HPV prevalence for vaccinated women, unvaccinated women, and all women was
determined for each of the six surveillance studies, propensity score unadjusted and
adjusted. Total vaccine effectiveness was established by comparing the prevalence of
vaccine-type HPV in vaccinated women from surveillance studies 2 through 6 to the women
recruited in surveillance study 1, all of whom were unvaccinated.(40, 41)

The odds of HPV infection across the six surveillance studies were determined using
logistic regression. The independent variable was the surveillance study, and the dependent
variables were prevalence of 2vHPV (HPV16 and/or 18), 4vHPV (HPV6, 11, 16, and/or
18), and 9vHPV (HPV6, 11, 16, 18, 31, 33, 45, 52, and/or 58). Analyses were stratified

by vaccination status (vaccinated, unvaccinated, and all women). Analyses were conducted
using SAS 9.4 (SAS Institute, Cary, N.C.). We followed the STROBE Reporting Guidelines.

Of the 2,335 participants, mean age ranged from 18.7 to 19.1 years, 75% self-identified as
Black/multiracial and 7% Latino, 51% reported a sexually transmitted infection history, and
79% reported at least two lifetime male sex partners (Table 1). From 2006-2023, vaccination
rates increased from 0% to 82%. Among those who received at least one vaccine dose,
71.0% received only the 4-valent vaccine and 28.8% at least one 9-valent vaccine dose. The
proportion of participants who received only the 4-valent vaccine were: 100% of those in
study 2, 100% in study 3, 87.5% in study 4, 55.7% in study 5, and 21.8% in study 6. The
proportion of participants who received at least one 9-valent vaccine dose were: 11.9% in
study 4, 44.3% in study 5, and 77.9% in study 6. Only 9 (0.39%), all in studies 4, 5, and 6,
had received at least one 2-valent dose.

The propensity-score adjusted proportion of vaccinated women positive for at least one
2vHPV decreased from 27.7% to 0.4% (relative difference 98.4%), at least one 4vHPV
decreased from 35.4% to 2.1% (94.2%), and at least one 9vHPV decreased from 48.6%
to 11.8% (75.7%) (Table 2, Fig. 1). These represent estimates of vaccine effectiveness.
The propensity-score adjusted proportion of unvaccinated women positive for at least one
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2VHPV decreased from 25.8% to 7.3% (relative difference 71.6%), at least one 4vHPV
decreased from 25.3% to 6.1% (75.8%) and at least one 9vHPV decreased from 42.7% to
31.1% (27.2%) (Table 2, Fig. 2).

Adjusted logistic regression demonstrated significant reductions in the proportion of all,
vaccinated, and unvaccinated women in 2vHPV and 4vHPV (Table 2). Adjusted logistic
regression demonstrated significant reductions in the proportion of all and vaccinated
women in 9vHPV (Table 2).

Discussion

Widespread implementation of prophylactic HPV vaccines, coupled with accessible cervical
cancer screening and treatment, has the potential to eliminate cervical cancer worldwide.(42)
HPV vaccination may also significantly reduce morbidity and mortality from other HPV-
associated anogenital and oropharyngeal cancers.(43, 44) Data demonstrating real-world
effectiveness and herd protection following vaccine introduction are essential to provide
data that estimates the impact and cost-effectiveness of vaccination and to shape national
vaccination and cervical cancer screening recommendations and policies as well as public
health strategies, ensuring that the full benefits of HPV vaccination are realized. Our
analysis demonstrated robust real-world effectiveness and herd protection in young women
over the first 17 years following the introduction of the 4-valent and later the 2-valent

and 9-valent vaccines. Innovative aspects of the study were that it focused on women at

risk for disparities in HPV infection and HPV-related cancers recruited from a variety of
settings, examined effectiveness and herd protection against types in the 9-valent HPV
vaccine, confirmed vaccination status through the electronic health record, important for
validity,(45) and utilized a quasi-experimental strategy to control for imbalances in multiple
participant characteristics that may influence risk of HPV infection: this approach supports
the hypothesis that reductions in HPV prevalence are primarily due to vaccine introduction,
rather than changes in behavior or other factors.

In this study population, we found strong evidence for real-world effectiveness after 2-, 4-,
and 9-valent vaccine introduction: the propensity-score adjusted proportion of vaccinated
women positive for 2vHPV HPV decreased 98.4%, 4vHPV decreased 94.2%, and 9vHPV
decreased 75.7%. Adjusted logistic regression demonstrated substantial and statistically
significant reductions in the proportion of all and vaccinated women positive for these
outcomes. The relatively lower effectiveness for 9-valent vaccine-type HPV was likely due
in part to the fact that fewer than 30% of participants had received at least one 9-valent
vaccine dose. Effectiveness for 2vHPV and 4vHPV was unexpectedly high given that
participants were sexually experienced young women at relatively high risk for HPV (as
evidenced by the high prevalence of HPV16 and 18 prior to vaccine introduction and

high rates of previous STI), may have initiated sex prior to vaccination, may have been
infected with vaccine-type HPV at the time of vaccination, and may not have received the
full recommended HPV vaccine series. Despite this, our findings demonstrate real-world
effectiveness that is comparable to the efficacy demonstrated in clinical trials of the 2-, 4-
and 9-valent HPV vaccines.(11-15) Further, effectiveness is at least as high as demonstrated
in other real-world effectiveness studies globally,(26-28, 46-48) including meta-analyses.
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(49, 50) A likely contributing factor to the high degree of effectiveness is the high
vaccination rate in this study population, exceeding 80% by the last surveillance study.

In addition, a gender-neutral vaccination strategy was employed in this community after
licensing of the vaccine in boys, which likely contributed to a reduction in HPV prevalence
through herd protection.(51) The high degree of effectiveness regardless of number of
vaccine doses is consistent with growing evidence that one HPV vaccine dose may offer
robust protection;(52, 53) however, long-term effectiveness studies are needed with reduced
dose schedules, especially in understudied populations such as boys and those who are
immunocompromised.

We also found evidence for herd protection: the propensity-score adjusted proportion

of unvaccinated women positive for at least one 2-valent vaccine-type HPV decreased
71.6% and positive for at least one 4-valent vaccine-type HPV decreased 75.8%. Logistic
regression demonstrated significant reductions in 2-valent and 4-valent vaccine types.
Previous studies examining herd protection have been conducted in a variety of settings
and have measured herd protection in different ways including reduction in vaccine-type
HPV among unvaccinated females and among males in settings where the vaccine has

been introduced among females only,(50, 54-57) and modeling studies have suggested that
herd protection effects may be expected even in the setting of female-only vaccination and
modest vaccine coverage.(58) The results of studies examining herd protection vary widely,
likely due to differences in methodology used to assess herd protection, HPV vaccination
rates across regions, and national recommendations to vaccinate girls only or girls and boys.
However, our findings are similar to that of a recent U.S. study by Rosenblum et al.(17)

Little is known about herd protection after introduction of the 9-valent vaccine. In this study,
the reduction in 9-valent vaccine-type HPV prevalence in unvaccinated women was lower
(27.2%) than the reduction in 2-valent or 4-valent vaccine-type HPV prevalence, and this
reduction was not statistically significant in an adjusted logistic regression model. Factors
that likely contributed to the modest effect were the relatively small number of unvaccinated
women positive for these vaccine types and that approximately 70% of vaccinated women
had not received receive the 9-valent vaccine, reducing the potential for herd protection
against the additional types in the 9-valent vaccine. Future studies are needed to confirm that
evidence of herd protection will emerge for 9vHPV types.

There were several limitations of this study. First, the number of participants who were
unvaccinated substantially declined over time, limiting power to detect changes in HPV
prevalence over time and the precision of vaccine-type HPV prevalence estimates in
unvaccinated participants. Second, it was challenging to disaggregate 4-valent and 9-valent
vaccine outcomes given that a proportion of participants received both vaccines and the
potential for cross-protection against the additional types in the 9-valent vaccine among
those who had received the 4-valent vaccine, which we demonstrated previously.(22) This
study was conducted in one region, limiting generalizability. The discontinuation of the
Roche Linear Array test necessitated a change in HPV detection method: the TypeSeq2
method may have different sensitivity and specificity for detecting individual HPV types.
However, validation studies of the TypeSeq?2 assay have demonstrated good concordance
between both the Roche Linear Array and SPF10-LiPA25 assay (manuscripts in preparation)
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and was deemed fully proficient with the HPV LabNet International Proficiency Studies.(59)
The TypeSeq?2 assay’s previous version, TypeSeq, has been validated against the Roche
Linear Array, SPF10-LiPA25 and ScreenFire assays, with high overall agreement between
HPV types.(60-62) The TypeSeq?2 assay redesign resulted in reduced processing time,
improved robustness, additional assay controls, and additional amplicons for carcinogenic
HPV types.

Conclusion

This study supports the growing literature demonstrating real-world effectiveness and

herd protection after HPV vaccine introduction in women and highlights the potential

for HPV vaccines to play a critical role in the elimination of HPV-associated cancers
globally. Indeed, studies in countries that have introduced HPV vaccines as a component

of national immunization program and achieved high vaccine uptake have demonstrated
substantial reductions in anogenital warts and HPV-associated precancers and cancers.(50,
63-65) Our findings provide new evidence of robust effectiveness and herd protection in
sexually experienced young women at relatively high risk of HPV and associated cancers,
even if they had not received the recommended 2- or 3-dose vaccine series, underscoring

the potential for reduced-dose vaccine schedules and reduction in HPV-associated cancer
disparities. Our findings also provide new evidence of real-world effectiveness after 9-valent
vaccine introduction. Research is needed to examine the impact of HPV vaccine introduction
among men, in countries where HPV vaccine uptake may be lower, and after reduced-dose
schedules are implemented. Finally, meaningful reduction in morbidity and mortality due to
HPV-related cancers will not be fully realized unless vaccine uptake is robust. The WHO
estimates that only 27% of girls globally have received at least one HPV vaccine dose, and
uptake varies widely across regions, from only 1% in the Eastern Mediterranean region to
68% in the Americas.(66) Efforts to optimize HPV vaccine coverage and reduce regional
disparities in vaccine uptake, which often parallel regional disparities in HPV-associated
cancer mortality, are urgently needed to fulfill the promise of HPV vaccination.
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Key Points
Question:

What is human papillomavirus (HPV) real-world effectiveness and herd protection
among adolescents and young adults at high risk for HPV-related cancers over the 17
years after vaccine introduction?

Findings:

This cross-sectional surveillance study included 2,335 adolescent and young adult
women. Among vaccinated women, relative differences in positivity for HPV types in
the 2-valent vaccine decreased 98.4%, 4-valent vaccine 94.2%, and 9-valent vaccine
75.7%, and among unvaccinated women, positivity for HPV types in the 2-valent vaccine
decreased 71.6% and 4-valent vaccine 75.8% (all statistically significant).

M eaning.

Real-world effectiveness and herd protection were robust in sexually experienced women
at relatively high risk for HPV.
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Figurel.
Propensity score adjusted prevalence of at least one 2-valent, 4-valent, and 9-valent vaccine-

type HPV among vaccinated women, 2006-2023
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Figure2.
Propensity score adjusted prevalence of at least one 2-valent, 4-valent, and 9-valent vaccine-

type HPV among unvaccinated women, 2006-2023
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