Articles

CrossMark

Lancet Oncol 2021; 22: 1518-29

Published Online
October 8,2021
https://doi.org/10.1016/
$1470-2045(21)00453-8

This online publication has
been corrected. The corrected
version first appeared at
thelancet.com/oncology on
December 29, 2021

See Comment page 1484

Early Detection, Prevention
and Infections Branch,
International Agency for
Research on Cancer, Lyon,
France (P Basu MD,

R Muwonge PhD, E Lucas MSc,
T Gheit PhD, M Tommasino PhD,
C Sauvaget MD); Tata Memorial
Centre Rural Cancer Project,
Nargis Dutt Memorial Cancer
Hospital, Barshi District
Solapur, Maharashtra, India

(S G Malvi PhD, K Jayant MSc,

S Hingmire MBA,

A Chiwate CT [IAC]); Jehangir
Clinical Development Centre,
Jehangir Hospital Premises,
Pune, India (S Joshi PhD,

U Divate MD, R Jadhav MSW);
Department of Obstetrics and
Gynaecology, All India Institute
of Medical Sciences, New Delhi,
India (N Bhatla MD,

S Vashist BHMS); Sikkim
Manipal Institute of Medical
Sciences, Sikkim Manipal
University, Gangtok, Sikkim,
India (Y Verma MD); Christian
Fellowship Community Health
Centre, Ambillikai, Dindigul
District, Tamil Nadu, India

(PO Esmy MD); Public Health
Foundation of India,
1IPH-Hyderabad, Hyderabad,
India (U RR Poli DNB);
Department of Community
Oncology, Gujarat Cancer and
Research Institute, M P Shah
Cancer Hospital, Civil Hospital
Campus, Asarwa, Ahmedabad,

1518

Vaccine efficacy against persistent human papillomavirus
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Summary

Background A randomised trial designed to compare three and two doses of quadrivalent human papillomavirus (HPV)
vaccine in adolescent girls in India was converted to a cohort study after suspension of HPV vaccination in trials by the
Indian Government. In this Article, the revised aim of the cohort study was to compare vaccine efficacy of single dose
to that of three and two doses in protecting against persistent HPV 16 and 18 infection at 10 years post vaccination.

Methods In the randomised trial, unmarried girls aged 10-18 years were recruited from nine centres across India and
randomly assigned to either two doses or three doses of the quadrivalent HPV vaccine (Gardasil [Merck Sharp &
Dohme, Whitehouse Station, NJ, USA]; 0-5 mL administered intramuscularly). After suspension of recruitment and
vaccination, the study became a longitudinal, prospective cohort study by default, and participants were allocated to
four cohorts on the basis of the number vaccine doses received per protocol: the two-dose cohort (received vaccine on
days 1and 180 or later), three-dose cohort (days 1, 60, and 180 or later), two-dose default cohort (days 1 and 60 or later),
and the single-dose default cohort. Participants were followed up yearly. Cervical specimens were collected from
participants 18 months after marriage or 6 months after first childbirth, whichever was earlier, to assess incident and
persistent HPV infections. Married participants were screened for cervical cancer as they reached 25 years of age.
Unvaccinated women age-matched to the married vaccinated participants were recruited to serve as controls. Vaccine
efficacy against persistent HPV 16 and 18 infections (the primary endpoint) was analysed for single-dose recipients
and compared with that in two-dose and three-dose recipients after adjusting for imbalance in the distribution of
potential confounders between the unvaccinated and vaccinated cohorts. This trial is registered with ISRCTN,
ISRCTN98283094, and ClinicalTrials.gov, NCT00923702.

Findings Vaccinated participants were recruited between Sept 1, 2009, and April 8, 2010 (date of vaccination suspension),
and followed up over a median duration of 9-0 years (IQR 8-2-9-6). 4348 participants had three doses, 4980 had
two doses (0 and 6 months), and 4949 had a single dose. Vaccine efficacy against persistent HPV 16 and 18 infection
among participants evaluable for the endpoint was 95-4% (95% CI 85-0-99-9) in the single-dose default cohort
(2135 women assessed), 93-1% (77-3-99-8) in the two-dose cohort (1452 women assessed), and 93-3% (77-5-99-7) in
three-dose recipients (1460 women assessed).

Interpretation A single dose of HPV vaccine provides similar protection against persistent infection from HPV 16
and 18, the genotypes responsible for nearly 70% of cervical cancers, to that provided by two or three doses.
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CC BY 3.0 IGO license which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is propetly cited. In any use of this article, there should be no suggestion that WHO endorses any
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Introduction

A combined strategy of high-coverage human papilloma-
virus (HPV) vaccination of girls aged 9-14 years, twice-
lifetime screening of women at 35 years and 45 years

of age, and effective treatment of those with cervical
neoplasia can potentially eliminate cervical cancer as a
public health problem.' The inability of nearly two-thirds
of low-income and lower-middle-income countries to
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Research in context

Evidence before this study

We searched PubMed between Feb 1 and March 31, 2021, for all
types of publications (original articles and reviews) that
reported on the efficacy of a single dose of human
papillomavirus (HPV) vaccines, without date or language
restrictions. We used the terms “HPV vaccine” AND “efficacy”
AND “one-dose”. This search retrieved 21 results. The articles
were related to several topics: efficacy, effectiveness,
immunogenicity, and durability of vaccination schedules of
fewer than three doses. The efficacy of a single dose was
compared with no vaccination, or with efficacy of two or three
doses. The vaccines were either the bivalent or the quadrivalent
HPV vaccines. The outcomes included vaccine efficacy on
cervical incident HPV infection, on prevalent infection, and on
persistent infection. We identified a recent systematic review
reporting on the efficacy and immunogenicity of a single dose
of an HPV vaccine. The review included three major HPV vaccine
trials: the Costa Rica Vaccine trial, the Papilloma Trial Against
Cancer in Young Adults trial, and the International Agency for
Research on Cancer India HPV vaccine trial. The results of this
systematic review as well as other studies suggested that one
dose could be as efficacious as two or three doses in healthy
women. The authors of the systematic review highlighted the
small sample size of the existing studies and their other
weaknesses, and acknowledged the need for additional
evidence to confirm the preliminary results of the three trials.

introduce the HPV vaccine into their national immuni-
sation programme is a major stumbling block for global
elimination of the disease.” These countries have a
disproportionately high burden of cervical cancer, but
not enough resources to afford the HPV vaccine, which
is currently recommended to be administered with at
least two doses. WHO estimated the global coverage of
the HPV vaccine to be only 15% in 2019.’ The fragile
health systems of low-income and middle-income
countries (LMICs) are inadequately prepared to face the
formidable challenge of delivering two doses of the
vaccine to adolescent girls.* These countries will be
further affected by the huge gap in supply and demand,
as the global requirement of the vaccine is expected to
rise to 120 million doses per year by 2030.¢

Adoption of a single-dose schedule for the HPV
vaccine could potentially address many of the challenges
by improving affordability, making the vaccination
programmes logistically simpler and more resilient,
and helping to tide over the supply crisis. We aimed to
describe the efficacy of a single dose of the quadri-
valent HPV vaccine compared with two or three doses
to protect against incident and persistent cervical
HPV infections 10 years post vaccination. We also
report the early evidence of protection against cervical
precancers among recipients of different vaccine
dosing regimens.
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Added value of this study

We report similar vaccine efficacy of a single dose of
quadrivalent vaccine in adolescent girls compared with that of
two or three doses at 10 years post vaccination against
persistent and incident HPV 16 and 18 infections as well as
cervical neoplasia. The major strengths of the study are large
number of single-dose recipients, presence of two-dose and
three-dose recipients belonging to the same age group as the
comparators, and systematic follow-up over many years. The
evidence from our study demonstrating high efficacy of single
dose of quadrivalent vaccine in prevention of persistent
infection from HPV 16, 18, or both helps to address the existing
evidence gap identified by the systematic review.

Implications of all the available evidence

The evidence generated by our study is consistent with the high
efficacy of a single dose of HPV vaccine observed in other
clinical trials and in ecological studies nested in national
immunisation programmes. More than 90% efficacy of a single
dose in preventing persistent HPV 16 and 18 infections indicate
that the quadrivalent vaccine (with its limited cross-protection)
could potentially prevent around 70% of the cervical cancers—a
huge gain for low-income and middle-income countries
considering the great benefits of a single dose in reducing
programme costs and complexities.

Methods
Study design and participants
A multicentre, clusterrandomised trial designed to
compare the efficacy of two versus three doses of
quadrivalent HPV vaccine among unmarried girls aged
10-18 years in India initiated recruitment on Sept 1, 2009.
The methods of the study are described elsewhere in
detail and are summarised in figure 17 Briefly,
188 geographical clusters were identified at nine locations
spread across different regions of India (appendix p 8),
and all eligible girls residing in an individual cluster
were enumerated. Using a computer-generated random
allocation, the identified clusters at each site were
randomly assigned to either a two-dose or three-dose
group. The plan was to recruit 10000 girls in each dose
group from the enumerated girls. In response to seven
vaccine-unrelated deaths reported in another ongoing
HPV vaccination demonstration programme in the
country, the Indian Government issued a notification on
April 8, 2010, to stop further recruitment and HPV
vaccination in all clinical trials.® Our study also stopped
recruitment on that date. Until suspension, 17729 eligible
girls from 178 clusters were recruited across nine study
sites and had received at least one dose of the vaccine.
After suspension of recruitment and vaccination, the
trial was converted to a longitudinal, prospective, cohort
study by default. For the cohort study, we recruited
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Study originally designed as a two-arm, cluster-randomised trial to compare two vs three doses of quadrivalent
HPV vaccine in unmarried girls aged 10-18 years

v v

10000 originally assigned to receive two doses of
quadrivalent HPV vaccine on days 1 and =180
(9188 recruited)

(8541 recruited)

10000 originally assigned to receive three doses
of quadrivalent HPV vaccine on days 1, 60, and =180

v v

Suspension of randomisation due to order issued on April 8, 2010, by the Indian Ministry of Health to
stop HPV vaccination in research studies with immediate effect

v

v v

v

4348 recipients of 4980 recipients of 3452 recipients of two 49449 recipients of a
three doses as per protocol two doses as per protocol doses by default at days 1 single dose by default
and 260
« Yearly follow-up 1541 age-matched and site-matched participants for
« Cervical specimen collection for HPV genotyping (Luminex assay) for 21 HPV types starting at 18 months after marriage or 6 months [4—{ the first unvaccinated control group recruited

after first childbirth yearly for 4 years

during 2013-15, post hoc

v

« Screening for cervical cancer using HC Il for married participants at 25 years and 30 years of age
« HC II-positive women tested for HPV 16, 18, and 45 only using the digene HPV genotyping PS test (test used to triage HPV-positive women) |g¢—] the second unvaccinated control group (screening
« HC II-positive women undergo colposcopy (and biopsy)

3631 age-matched and site-matched participants for

only) recruited during 2017-19, post hoc

Figure 1: Study flow chart

HC ll=Hybrid Capture Il. HPV=human papillomavirus.
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two cohorts of unvaccinated women at different time
periods to serve as age-and-site-matched controls post hoc.
The study was approved by the ethics committees at
the International Agency for Research on Cancer (IARC;
Lyon, France) and all collaborating institutions. Every
participant signed an informed consent or an assent
(if aged <18 years). Either of the parents gave written
consent for the girls aged younger than 18 years. The
study was monitored by a data safety monitoring board.

Procedures

Each participant received 0-5 mL of the quadrivalent HPV
vaccine (Gardasil; Merck Sharp & Dohme, Whitehouse
Station, NJ, USA) administered intramuscularly. After
suspension of recruitment and vaccination, participants
were distributed across four cohorts on the basis of the
doses received per protocol: recipients of three doses on
days 1, 60, and 180 or later (three-dose cohort), recipients
of two doses on days 1 and 180 or later (two-dose cohort),
recipients of two doses on days 1 and 60 or later (two-dose
default cohort), and recipients of a single dose of the
vaccine (single-dose default cohort).”?

All participants are being followed up yearly, and the
follow-up will continue for at least another 5 years to
August, 2026. History of receiving an HPV vaccine outside
the study was obtained at each visit along with routine
medical history; any participants receiving HPV vaccine
outside the study were excluded from further follow-ups.

We collected information on clinically significant medical
events at each visit. However, the data were not analysed
for this study. Participants became eligible to provide
cervical specimens for individual detection of any of the
21 HPV genotypes 18 months after marriage or 6 months
after first childbirth, whichever was earlier. One cervical
specimen was collected per year (within a window of
minus 2 months and plus 6 months) from eligible
participants for 4 consecutive years. Participants in whom
a new HPV infection was detected in the fourth sample
were advised to return to provide a fifth sample after
1 year. Genotyping was done with the Luminex assay
(Luminex, Austin, TX, USA).

Participants were invited to cervical cancer screening
once they reached 25 years of age and were married. A well
validated HPV detection test (Hybrid Capture II [HC-IIJ;
Qiagen, Gaithersburg, MD, USA) was used as the
screening test, for which cervical specimens were collected
by a trained provider. Positive specimens were further
tested with the digene HPV genotyping PS test (Qiagen) for
the qualitative detection of high-risk HPV types 16, 18,
and 45. The digene PS test detects the genotype associated
with cervical neoplasia (if detected) as some of the
screening-eligible women might have completed providing
samples for Luminex genotyping years before screening.
We recalled every HC-II-positive participant for colposcopy.
A Swede score of five or more on colposcopy was an
indication for obtaining punch biopsies from the areas of

www.thelancet.com/oncology Vol 22 November 2021



Articles

worst abnormalities.” Test-positive women not requiring
biopsy were recalled after a year for a repeat HC-II test.

The first cohort of unvaccinated married women
matched by age and study site to the vaccinated women
eligible to provide specimens for genotyping was recruited
in 2013-15. The participants belonging to the first
unvaccinated cohort provided specimens for Luminex
genotyping and were also screened for cervical cancer
following the same protocol applicable for vaccinated
participants. A second unvaccinated cohort of married
women, age and site matched to the screening-eligible
vaccinated women, was recruited in 2017-19. Women
recruited to the second cohort were only screened for
cervical cancer (screening-only cohort) following the
protocol described earlier. No specimens were collected
from them for the Luminex assay.

Luminex is a type-specific E7 PCR multiplex assay to
detect 19 high-risk or probable high-risk types (HPV 16,
18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68a,
68b, 70, 73, and 82), and two low-risk types (HPV
6 and 11). A centralised facility has been set up for the
assay at Rajiv Gandhi Centre for Biotechnology in
Thiruvananthapuram (Kerala, India). The laboratory was
certified as proficient by the International HPV Reference
Centre at the Karolinska Institute in Stockholm (Sweden)
following a quality control exercise based on the global
HPV DNA proficiency panel 2017" External quality
control of the assay is performed by periodic blinded
analysis of a subset of positive and negative specimens at
the TARC laboratory in Lyon (France).

HC-II is a semi-quantitative chemiluminescence assay
to detect any of the 13 most oncogenic HPV types in the
specimen. The specimen should have at least 5000 copy
numbers of viral DNA of the targeted HPV types to
test positive. The HC-II test is centralised at one of the
study sites (Nargis Dutt Memorial Cancer Hospital,
Maharashtra, India). All laboratory staff and colposcopists
were masked to the vaccination status of participants.

The formalin-fixed cervical biopsy specimens were
processed for histopathology at respective study sites
and examined by the site pathologists. A trained and
experienced gynaecological pathologist examined all
the slides centrally at Regional Cancer Center in
Thiruvananthapuram. She was masked to the group
allocation, colposcopy interpretation, and site histo-
pathology result. Diagnosis made by the expert patho-
logist was considered as final.

Outcomes

The primary endpoint of the original randomised,
controlled trial aiming to compare two versus three doses
of the vaccine was detection of cervical intraepithelial
neoplasia grade 2 or worse (CIN2+) lesions, which was the
standard endpoint being used by all other vaccine trials at
that time. Subsequently, prevention of persistent oncogenic
HPV infection was well accepted as a valid surrogate to
demonstrate protection against CIN2+ lesions. In this

www.thelancet.com/oncology Vol 22 November 2021

study, we assessed persistent infection from HPV 16, 18, or
both (hereafter referred to as HPV 16/18) as the primary
outcome. The secondary outcomes were incident
HPV 16/18 infections, and HPV 16/18-related CIN2+
lesions. Other exploratory outcomes were persistence and
incidence of any one or more of HPV 6 and 11; any one or
more of HPV 31, 33, and 45; and any HPV type.

For any participant, incident infection was defined as
detection of an HPV type in any one sample, and
persistent infection was defined as detection of the same
HPV type in two consecutive samples taken at least
10 months apart. Only Luminex assay outcomes were
used to assess incidence and persistence. Each enrolled
participant contributed once to persistent infections,
once to incident infections, or both.

Statistical analysis

Participants’ baseline characteristics were stratified by the
vaccine dose received and are presented as proportions.
For the incident HPV infection outcomes, the analyses
included participants who provided at least one cervical
cell sample, and persistent HPV infection analyses
included participants with at least two cervical cell sample
collections. HPV incidence and persistence outcomes
were also stratified by the vaccine dose received and are
presented as proportions with their 95% Cls.

Vaccine efficacy was analysed against incident and
persistent infections. Vaccine efficacy was calculated as
one minus HPV infection rate in the vaccinated group
divided by HPV infections rate in the unvaccinated group.
The 95% CI for vaccine efficacy was obtained using a two-
step approach: first, estimating the proportion of cases in
the vaccinated cohort conditioned on the total number of
cases in both the vaccinated and unvaccinated cohorts
computed using an exact conditional procedure; and,
second, using the lower and upper limits of the proportion
95% CI to calculate the 95% CI for vaccine efficacy.””” To
compare vaccine efficacy between the single-dose default
cohort and the three-dose and two-dose cohorts, the
difference in vaccine efficacy estimates together with
their 95% Cls are presented. We excluded the two-dose
default group from the efficacy analysis because the
schedule was of no practical relevance.

Because of the ad-hoc nature in which the first
unvaccinated cohort (the second unvaccinated cohort was
not tested for incident and persistent infections) was
recruited, several descriptive analyses were done to arrive
at an appropriate modification needed to minimise the
imbalance in the distribution of potential confounders
between the unvaccinated and vaccinated cohorts. To
minimise the imbalance, we created strata that would
effectively have similar distribution of characteristics, and
that, in the absence of vaccination, would have had
extremely similar frequencies of HPV infection (appendix
p 1). Such strata with similar infection frequencies of the
HPV types that are unlikely to be influenced by vaccination
were formed using the following steps.
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First, we used the non-vaccine targeted HPV types,
excluding 31, 33, and 45, as the outcome for HPV types
that are unlikely to be influenced by vaccination. We then
performed logistic regression models to obtain odds
ratios together with their 95% CI and to show that those
non-vaccine-targeted HPV types significantly predicted
the vaccine-targeted (HPV 16/18) and cross-protective
(HPV 31, 33, and 45) outcomes (appendix p 3).

Second, using only data for the unvaccinated cohort,
we ran a multivariate logistic regression model to deter-
mine the potential confounders (characteristics) that

signifcantly predict these non-vaccine-targeted HPV
types. The potential confounders included were study site
groups created based on background site-specific HPV
infection profile (for more detail see appendix p 2); birth
cohort (those born before 1995 and those born in or
after 1995 at recruitment); religion (Hindu and others);
total number of pregnancies (none, one, and two or
more); age at first cervical cell sample collection (<21 years
and =21 years); time between dates of marriage and first
cervical sample collection (<2 years, 2 to <3 years, and
=3 years); delayed cervical sample collection (not delayed

Three-dose cohort  Two-dose cohort ~ Two-dose default ~ Single-dose Firstunvaccinated Second
cohort default cohort cohort* unvaccinated
cohortt
All participants recruited 4348 4980 3452 4949 1541 3631
Study site
Ambillikai, Tamilnadu 1446 (333%) 1532 (30-8%) 111 (3-2%) 211 (4-3%) 200 (13-0%) 600 (16-5%)
Barshi, Maharashtra 744 (17-1%) 824 (16:5%) 2699 (78-2%) 2825 (57-1%) 189 (12-3%) 1562 (43-0%)
New Delhi, Delhi 416 (9-6%) 480 (9-6%) 62 (1-8%) 42 (0-8%) 200 (13:0%) 300 (8:3%)
Ahmedabad, Gujarat 0 0 1011 (20-4%) 50 (3:2%) 100 (2-8%)
Hyderabad, Telangana 0 0 315 (91%) 9(9-7%) 300 (19-5%) 267 (7-4%)
Mumbai, Maharashtra 0 490 (9-8%) 24 (0-5%) 0 0
Pune, Maharashtra 1266 (29-1%) 1183 (23-8%) 246 (7-1%) 323 (6-5%) 400 (26-0%) 600 (16-5%)
Gangtok, Sikkim 233 (5:4%) 230 (4-6%) 13 (0-4%) 24 (0-5%) 102 (6-6%) 102 (2-8%)
Aizawl, Mizoram 243 (5-6%) 241 (4-8%) 6 (0-2%) 10 (0-2%) 100 (6-5%) 100 (2:8%)
Birth cohort at recruitment
<1992 177 (41%) 193 (3-9%) 234 (6-8%) 193 (3-9%) 109 (7-1%) 1171 (32-2%)
1992-93 752 (17:3%) 874 (17:6%) 710 (20-6%) 923 (18:7%) 963 (62:5%) 2228 (61-3%)
21994 3419 (78-6%) 3913 (78-6%) 2508 (72:7%) 3833 (77-4%) 469 (30-4%) 236 (6:5%)
Religion
Hindu 3925 (90-3%) 4345 (87-2%) 2961 (85-8%) 4768 (96-3%) 1368 (88-8%) 3197 (88-0%)
Others 423 (9:7%) 635 (12-8%) 491 (14-2%) 181 (3-7%) 173 (11-2%) 437 (12:0%)
Total number of pregnancies
None 2165 (49-8%) 2619 (52:6%) 1113 (32:2%) 1824 (36-9%) 197 (12-8%) 530 (14-6%)
One 1042 (24-0%) 1204 (24-2%) 787 (22-8%) 1276 (25-8%) 545 (35:4%) 760 (20-9%)
Two or more 1141 (26-2%) 1157 (23-2%) 1552 (45-0%) 1849 (37-4%) 799 (51-8%) 2345 (64-5%)
Age, years 21(19-22) 21(20-23) 20 (19-22) 21(19-22) 20 (19-21)
Participants who provided 2275 2430 2314 3155 1486
cervical samples
Birth cohort at recruitment
<1992 145 (6-4%) 156 (6-4%) 204 (8-8%) 168 (5:3%) 99 (6-7%)
1992-93 538 (23-6%) 638 (26:3%) 580 (25-1%) 725 (23-0%) 924 (62:2%)
21994 1592 (70-0%) 1636 (67:3%) 1530 (66-1%) 2262 (71-7%) 463 (31-2%)
Religion
Hindu 2157 (94-8%) 2275 (93-6%) 2004 (86-6%) 3069 (97-3%) 1315 (88-5%)
Others 118 (5:2%) 155 (6-4%) 310 (13-4%) 86 (2:7%) 171 (11-5%)
Total number of pregnancies
None 279 (12:3%) 309 (127%) 209 (9:0%) 313 (9:9%) 182 (12:2%)
One 897 (39-4%) 1014 (41:7%) 616 (26-6%) 1076 (34-1%) 511 (34-4%)
Two or more 1099 (48-3%) 1107 (45-6%) 1489 (64-3%) 1766 (56-0%) 793 (53-4%)
Data are n, n (%), or median (IQR). *Recruited in 2013-15; provided cervical specimen for HPV genotyping with the Luminex assay for 21 HPV types and additionally formed
part of the unvaccinated cohort for cervical cancer screening using the Hybrid Capture Il test. tRecruited in 2017-19; formed the other part of the unvaccinated cohort for
cervical cancer screening using the Hybrid Capture Il test only; no specimen collected for HPV genotyping.
Table 1: Baseline characteristics in the vaccinated and unvaccinated cohorts

www.thelancet.com/oncology Vol 22 November 2021



Articles

HPV incidence in participants with one or more samples HPV infection status in participants with two or more
tested samples tested
Women assessed  Women with Proportion of Women assessed ~ Women with Proportion of
incident infections incident infection persistent infections  persistent infection
(95% Cl) (95% Cl)
Women with samples tested 10 667 7938
HPV 16 and 18 infections
Unvaccinated cohort 1484 139 9-4% (7-9-11-0) 1265 32 2-5% (1.7-3-6)
Vaccinated cohort 9183 287 3-1% (2-8-3'5) 6673 7 0-1% (0-0-0-2)
Three-dose cohort 2019 60 3.0% (2:3-3-8) 1460 1 0-1% (0-0-0-4)
Two-dose cohort 2166 59 2:7% (2:1-3-5) 1452 1 0-1% (0-0-0-4)
Two-dose default cohort 2140 76 3-6% (2-8-4-4) 1626 4 0-2% (0-1-0-6)
Single-dose default cohort 2858 92 3:2% (2:6-3-9) 2135 1 0-0% (0-0-0-3)
HPV 6 and 11 infections
Unvaccinated cohort 1484 64 43% (3:3-5'5) 1265 3 0-2% (0-0-0-7)
Vaccinated cohort 9183 237 2-6% (2:3-2-9) 6673 4 0-1% (0-0-0-2)
Three-dose cohort 2019 59 2-9% (2:2-3-8) 1460 1 0-1% (0-0-0-4)
Two-dose cohort 2166 55 2-5% (1-9-3-3) 1452 0 0-0% (0-0-0-3)
Two-dose default cohort 2140 55 2-6% (1-9-3-3) 1626 2 0-1% (0-0-0-4)
Single-dose default cohort 2858 68 2-4% (1-9-3-0) 2135 1 0-0% (0-0-0-3)
Non-vaccine-targeted HPV 31, 33, and 45 infections
Unvaccinated cohort 1484 148 10-0% (8-:5-11-6) 1265 14 1-1% (0-6-1.8)
Vaccinated cohort 9183 371 4-0% (3-6-4-5) 6673 34 0-5% (0-4-0-7)
Three-dose cohort 2019 85 4-2% (3-4-5-2) 1460 7 0-5% (0-2-1-0)
Two-dose cohort 2166 89 41% (3-3-5-0) 1452 11 0-8% (0-4-1-4)
Two-dose default cohort 2140 61 2:9% (2:2-3-6) 1626 2 0-1% (0-0-0-4)
Single-dose default cohort 2858 136 4-8% (4-0-5-6) 2135 14 0-7% (0-4-1-1)
Non-vaccine-targeted HPV infections excluding 31, 33, and 45
Unvaccinated cohort 1484 403 272% (24-9-29-5) 1265 71 5-6% (4-4-7-0)
Vaccinated cohort 9183 1520 16-6% (15-8-173) 6673 211 3-2% (2:8-3:6)
Three-dose cohort 2019 377 18:7% (17-0-20-4) 1460 49 3:4% (2-5-4-4)
Two-dose cohort 2166 373 17-2% (15-7-18-9) 1452 47 3:2% (2-4-4-3)
Two-dose default cohort 2140 293 137% (12:3-152) 1626 47 2-9% (21-3-8)
Single-dose default cohort 2858 477 16-7% (15-3-18-1) 2135 68 3-2% (2:5-4-0)
HPV=human papillomavirus.
Table 2: Analysis of one-time incident HPV infections and persistent HPV infections in women with at least two samples tested

and at least one delayed; a delay was defined as a gap of
18 months or more between the dates of any consecutive
cervical cell sample collection); and number of cervical
cell sample collections per participant (one to two and
three or more). More details are available in the
appendix (p 1). Since the site-specific rates were similar
between the vaccinated and unvaccinated groups
(appendix p 7), and since the Mumbai site did not have
women recruited in the unvaccinated group, we used the
estimated rate in the vaccinated group in place of the
unvaccinated HPV background rate.

Third, we estimated each participant’s disease risk
score using another logistic regression model that
included the variables that were significantly predicting
these other non-vaccine targeted HPV types at the
5% significance level. The coefficients from the
regression model were used to assign a score to each risk
factor. The risk factor scores were then summed to
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calculate the participant’s total risk score, which was in
turn used to obtain the estimates of risk (the probability
of being infected with a non-vaccine-targeted HPV
excluding types 31, 33, and 45).*

As the final step, we created five strata from the fitted
scores using the lowest level as the first stratum of
individuals with minimal or no risk and the remaining
four from quantiles of the scores. As such, we avoided
assuming that the risk score and the outcome were
related through a particular function. More details are in
the appendix (p 1).

Five strata with similar risk profiles were used in the
direct standardisation method, with the total vaccinated
cohort as the standard population, to obtain the effective
number of events and effective population sizes for each
dose group. These values in turn were used as the true
values in the exact conditional model to obtain adjusted
vaccine efficacy estimates.
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Figure 2: Incidence of HPV 16 and 18 (A), and HPV 31, 33, and 45 (B)

HPV=human papillomavirus.

1524

The analyses for the CIN2+ outcome were based on
individuals with HC-II testing results, presented as
proportions and compared between the unvaccinated
and vaccinated cohorts. Significance was inferred when
the p value was less than 0-05. The statistical analyses

were carried out in Stata (version 15.1) and Just Another
Gibbs Sampler software.

This studyisregistered with ISRCTN, ISRCTN98283094,
and ClinicalTrials.gov, NCT00923702.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

Vaccinated participants were recruited between
Sept 1, 2009, and April 8, 2010. The first unvaccinated
cohort was recruited between April 29, 2013, and
June 16, 2015, and the second between Oct 6, 2017, and
June 27, 2019. 4348 participants were included in the
three-dose cohort, 4980 in the two-dose cohort, 3452 in
the two-dose default cohort, 4949 in the single-dose
default cohort, 1541 in the first unvaccinated cohort, and
3631 in the second unvaccinated cohort. No participant
reported receiving a HPV vaccine outside our study. The
median duration of follow-up was 9- 0 years (IQR 8-2-9-6)
for the vaccinated participants. The distribution of
participants by cohorts varied across the study sites
(table 1). Sites initiating recruitment later had a higher
proportion of single-dose recipients. The distribution of
participants belonging to different cohorts who provided
at least one cervical sample for HPV genotyping also
varied by the study site (appendix p 4). No cervical
specimen was collected from the second unvaccinated
cohort for genotyping.

Of the total 17729 vaccinated women, 10915 (61-6%)
were eligible for HPV genotyping. Among these women,
frequency of incident HPV infection was assessed in the
9183 (84-1%) women who provided at least one cervical
cell sample (appendix p 5). Incident HPV 16/18 infections
were detected in 287 (3-1%; 95% CI 2-8-3.5) of
9183 vaccinated women and 139 (9-4%; 7-9-11-0) of
1484 unvaccinated women (table 2). The frequency of HPV
16/18 incident infections among the single-dose recipients
(92 [3-2%; 95% CI 2-6-3-9] of 2858) was similar to that
observed in other dose cohorts (table 2; figure 2A). Incident
infection from cross-protective HPV types (HPV 31, 33,
and 45) was less frequent in vaccinated women than in
unvaccinated women, without any difference observed
between the three-dose, two-dose, or single-dose default
cohorts (table 2, figure 2B). The frequency of incident
infection from all vaccine non-targeted types (also
excluding cross-protective types) was lower in vaccinated
women than in unvaccinated ones. No difference was
observed across the vaccinated groups as similar levels of
infection were observed across the vaccinated groups.

Among the 10915 vaccinated women eligible to provide
cervical specimens, persistent infection was assessed in
6673 (72-7%) women who provided at least two cervical cell
samples (appendix p 5). Persistent HPV 16/18 infection
was observed in seven (0-1%; 95% CI 0-0-0-2) of
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6673 vaccinated women, with similar frequencies observed
between the single-dose cohort and other dose cohorts
(table 2). A single case of persistent HPV 16 infection was
observed among the single-dose recipients. There was no
case of persistent HPV 18 infection in this group.
Unvaccinated women had a higher frequency of persistent
HPV 16/18 infections (32 [2-5%; 95% CI 1-7-3-6] of 1265)
than the vaccinated women (seven [0-1%; 0-0-0-2] of
6673; table 2). Persistent infection from the cross-protective
HPV types was less frequent in vaccinated women than in
unvaccinated women. Similar frequencies of persistent
infection from cross-protective types was observed among
the dose groups (table 2).

Table 3 presents the effect of participant characteristics
on the frequencies of other non-vaccine-targeted HPV
types excluding 31, 33, and 45 among unvaccinated
women. In the adjusted analysis from the logistic
regression model, background HPV infection frequency,
time between date of marriage and first cervical specimen
collection, and number of cervical specimens per
participant were the only independent predictors of
incidence of other non-vaccine-targeted HPV types
excluding 31, 33 and 45. Other assessed factors of birth
cohort, religion, total number of pregnancies, ages at
first cervical cell sample collection, and delay to cervical
sample collection were not associated with incidence of
other non-vaccine targeted HPV types excluding 31, 33
and 45. Thus, these three factors (background HPV
infection frequency, time between date of marriage and
first cervical specimen collection, and number of cervical
specimens per participant) were used to fit the participant
disease risk scores, which in turn were used to form the
five strata for the assessment of vaccine efficacy.

Since there were very few records with missing data
(five missing dates of marriage for the unvaccinated
group), they were excluded from the vaccine efficacy
analysis. Adjusted vaccine efficacy against incident
HPV 16/18 infection in the single-dose recipients was
63-5% (95% CI 51-2-73-1), which was similar to the
vaccine efficacies observed in the two-dose cohort
(67-7%; 55-2-77-2) and three-dose cohort (66-4%;
53-6-76-3; table 4). There was no significant difference
between the dose groups in vaccine efficacy against
incident infection from either the cross-protective HPV
types or the 21 HPV types combined.

The adjusted vaccine efficacy of a single dose against
persistent HPV 16/18 infection was 95-4% (95% CI
85-0-99-9), which was not significantly different from
that observed with two doses (93-1%; 77-3-99-8) and
three doses (93-3%; 77-5-99-7; table 4). Efficacy against
persistent infection from all HPV types was 35-4%
(95% CI 3-7-56-0) for single-dose recipients, 36-7%
(1-6-57-9) for two-dose recipients, and 39-3% (6-8-60-2)
for three-dose recipients.

The HPV screening test was positive in 197 (4-1%)
of the 4819 vaccinated and 277 (6-0%) of the
4626 unvaccinated women (appendix p 6). HPV 16/18
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Women Women Percentage positive  Crude odds Adjusted*
assessed positive (95% ClI) ratio (95% Cl)  odds ratio
(95% C1)
Overall 1484 403 27-2% (24-9-29-5)
Background HPV infection rate statust

Low 738 195 26:4% (23-3-29-8) 1 (ref) 1 (ref)

Medium 646 152 235% (203-27-0)  0-9(0-7-11)  1.1(0-8-1-4)

High 100 56 56:0% (457-659)  35(23-54)  26(1.2-54)

Birth cohort
<1995 1316 355 27-0% (24-6-29-5) 1 (ref) 1 (ref)
>1995 168 48 28-6% (21-9-36-0) 11 (0-8-1.5) 11(0-8-17)
Religion
Hindu 1298 318 245% (22:2-26:9) 1 (ref) 1 (ref)
Others 186 85 457% (384-531)  2:6(1:9-36)  14(0-8-2:2)
Total number of pregnancies
None 182 68 37-4% (30-3-44-8) 1 (ref) 1 (ref)
One 510 153 30:0% (261-34-2) 07 (0-5-1:0)  1.3(0-8-2-1)
Two or more 792 182 23:0% (201-261)  0-5(0:4-07) 0.9 (0-5-1-4)
Age at first cervical cell sample collection, years

<21 873 252 28:9% (25:9-32:0) 1 (ref) 1 (ref)

221 611 151 247%(213-283)  0-8(0-6-1:0)  0:9(0-7-1-2)
Time between dates of marriage and first cervical sample collection, years

<2 391 129 33-0% (28-3-37-9) 1 (ref) 1 (ref)

2to<3 392 90 23.0% (18:9-27-4) 06 (0:4-0-8)  0-7(0:5-0-9)

=3 696 181 26.0% (22:8-29-4)  07(0-5-09)  0-9(0-6-1-2)
Delayed cervical sample collectiont

None delayed 370 76 20-5% (16-5-25-0) 1 (ref) 1 (ref)

At least 1114 327 294% (26:7-32:1) 1.6 (1-2-21)  0-8(0:5-12)

one delayed

Number of cervical cell samples per participant

One to two 403 66 16-4% (12-9-20-4) 1 (ref) 1 (ref)

Three or more 1081 337 31-2% (28-4-34-0) 23(17-31) 2.9 (1.9-4-6)
HPV=human papillomavirus. HPV types 26, 35, 39, 51, 52, 53, 56, 58, 59, 66, 68, 70, 73, and 82 were included.
*Adjusted for all characteristics. Three categories (low rates: <10%; medium rates: 10 to <16%; and high rates: 216%)
of the site-specific and HPV vaccination status-specific background HPV rates of the non-vaccine-targeted types,
excluding 31, 33, and 45, using only the participants’ first cervical cell sample collections. A participant was defined as
having a delayed sample collection date if she had gap of 18 months or more between any consecutive sample
collection dates. A participant who had less than four consecutive sample collections and whose time between the
latest date sample collection overall and her last sample collection was more than 18 months was also defined as
having a delayed sample collection. All other participants not fulfilling the above two criteria were defined as not
having delayed sample collection.

Table 3: Distribution and effect of women's characteristics on the incidence of infections with non-vaccine-
targeted HPV types excluding 31, 33, and 45 among unvaccinated women (first unvaccinated cohort)

(using the digene PS test) was detected in one (0-1%)
of 1037 three-dose recipients, four (0-3%) of 1143 the
two-dose recipients, two (0-1%) of 1511 single-dose
recipients, and 63 (1-4%) of 4626 the unvaccinated
women. The single case of CIN3 detected in the
vaccinated women was a single-dose recipient. She was
negative for HPV 16/18, both on the Luminex assay and
digene PS test. No CIN2 or invasive cancer was detected
in the vaccinated cohorts. Five cases of CIN2 or CIN3
were detected among the unvaccinated women, three of
which were associated with HPV 16/18. One case of
invasive cancer, not associated with HPV 16/18, was
detected in the unvaccinated women cohort.
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Unvaccinated cohort  Single-dose default Two-dose cohort Three-dose cohort
cohort
Incident HPV
Women assessed 1479 2858 2166 2019
Incident HPV 16 and 18 infections
Observed events 138 92 59 59
Crude attack rates 9-33% 3-22% 2:72% 2:92%
Adjusted vaccine efficacy* (95% Cl) 63-5% (51-2t0 73-1) 67-7% (55-2t0 77-2) 66-4% (53-6t0 76-3)
Difference in vaccine efficacyt (95% Cl) 4-2% (-7-1t0 16-0) 3:0% (-9-1t0 14-8)
Incident HPV 16, 18, 6, and 11 infections
Observed events 192 154 107 110
Crude attack rates 12:98% 5-39% 4-94% 5-45%
Adjusted vaccine efficacy* (95% Cl) 54-1% (41-8 to 64-1) 59:0% (46-9 to 69-1) 54.7% (40-9 to 65-0)
Difference in vaccine efficacyt (95% Cl) 4-8% (-6-0t0 16-1) 0-6% (-11-2t0 11.9)
Incident HPV types 31, 33 and 45 infections
Observed events 148 136 89 86
Crude attack rates 10-01% 476% 411% 4-26%
Adjusted vaccine efficacy* (95% Cl) 43-5% (25-4 to 56:5) 54-0% (385 to 66-5) 54-6% (38-3t0 66-6)
Difference in vaccine efficacyt (95% Cl) 10-6% (-3-8 t0 24-6) 11-1% (-2-9 to 25-7)
Any incident HPV infection
Observed events 557 667 493 496
Crude attack rates 37:66% 23:34% 22:76% 24-57%
Adjusted vaccine efficacy* (95% Cl) 30-2% (20-1t0 38:5) 34-5% (24-5t0 43°1) 30-2% (19-7t0 39-4)
Difference in vaccine efficacyt (95% Cl) 43% (-4-1t012-1) -0-1% (-8-3t0 8'5)
Persistent HPV
Women assessed 1260 2135 1452 1460
Persistent HPV 16 and 18 infections
Observed events 32 1 1 1
Crude attack rates 2-54% 0-05% 0-07% 0-07%
Adjusted vaccine efficacy* (95% Cl) 95-4% (85-0t0 99-9) 93-1% (77-3t0 99-8) 93-3% (77-5t0 99-7)
Difference in vaccine efficacyt (95% Cl) -2:0% (-20-2to0 11-3) -1.9% (-19-4 t0 12-4)
Persistent HPV 16, 18, 6, and 11 infections
Observed events 35 2 1 2
Crude attack rates 2:78% 0-09% 0-07% 0-14%
Adjusted vaccine efficacy* (95% Cl) 93-4% (81-1t0 99-1) 93:7% (79-8 to 99-8) 90:3% (71-9 to 98-5)
Difference in vaccine efficacyt (95% Cl) 0-3% (-16-6 to 14-5) -2:8% (-21-6 t0 12:6)
Persistent HPV types 31, 33, and 45 infections
Observed events 14 14 11 7
Crude attack rates 111% 0-66% 0-76% 0-48%
Adjusted vaccine efficacy* (95% Cl) 8-8% (-230-8 t0 62:6) 8-4% (-239-3to 65-7) 38-8% (-124-4 to 80-2)
Difference in vaccine efficacyt (95% Cl) 0-0% (-104-0 to 101-8) 27:9% (-51-9 to 138-6)
Any persistent HPV infection
Observed events 100 80 55 55
Crude attack rates 7-94% 3-75% 379% 377%
Adjusted vaccine efficacy* (95% Cl) 35:4% (3-7 to 56-0) 36-7% (1-6 to 57-9) 39:3% (6:8to 60-2)
Difference in vaccine efficacy (95% Cl) 1-2% (-22-0t0 24-2) 3-7% (-18:9t0 26-9)
HPV=human papillomavirus. *Adjusted through direct standardisation on the five strata created from the disease risk score estimates. tAlternative dose minus the
single dose.
Table 4: Vaccine efficacy for the prevention of incident and persistent HPV infections

Discussion

Based on systematic follow-up of more than 4000 adolescent
girls receiving a single dose, our study has demonstrated
very high efficacy of one dose of the quadrivalent vaccine

against persistent infection from HPV 16/18, which is
sustained until 10 years post vaccination. Vaccine efficacy
of one dose was no different from that observed for two or
three doses of the same vaccine.
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An expert group convened by the IARC in 2013 unani-
mously decided that demonstration of protection against
persistent cervical infection would Dbe considered
adequate proof of efficacy of a single dose of HPV vaccine
to prevent advanced cervical precancers or cancer.® Our
study provides evidence to support that a single dose of
HPV vaccine fulfils the conditions set out by the IARC
expert group to be considered as protective against
cervical cancer caused by HPV 16/18—the types
responsible for at least 70% of cervical cancers detected
globally.”

High efficacy of single dose of a HPV vaccine against
persistent HPV 16/18 infection was previously reported
by a combined post-hoc analysis of the Costa Rica Vaccine
trial and PATRICIA trial in a smaller number of single-
dose recipients (n=292).” Durability of protection offered
by the HPV vaccine is a major concern from public health
viewpoint because the vaccinated girls will remain at risk
of being infected for decades. The antibody concentrations
in single-dose recipients stabilise 18-24 months after
vaccination and remain sustained at a level higher than
that observed after natural infection for at least a decade,
thus explaining the durable protection observed in our
study.™” A single dose providing a strong and sustained
protection could be biologically explained by the fact that
the repetitive epitopes on the virus-like particles promote
efficient induction of the long-lived plasma cells through
multivalent engagement of the B-cell receptors and that a
remarkably low titre of antibody can effectively neutralise
the virus.®” Unsurprisingly, several countries intro-
ducing the HPV vaccine into their national immunisation
programmes early have demonstrated high efficacy of a
single dose similar to that of higher number of doses
against vaccine-targeted HPV infections, anogenital
warts, and histopathology-proved CIN2+ lesions.?

The non-randomised design of our study could be
considered as a limitation. However, the fact that
allocation of the participants to different dose groups
happened by default and was not controlled by the
investigators or decided on by the participants reduces
any selection bias. A recent systematic review of single-
dose efficacy trials accepted that our study had low risk of
exposure or outcome misclassification, since the dose
cohorts were well matched for age and sociodemographic
characteristics and were followed up in the same
manner.” We accept that, due to the non-randomised
design, there might be residual confounding circum-
stances, such as geographical, ethnicity, and cultural
factors, which we might not have been able to adjust for.
The higher frequency of non-vaccine-targeted HPV
infection observed in our unvaccinated cohort than in
the vaccinated cohorts indicates an imbalance in the risk
of infection between the two. However, this somewhat
imperfect selection of the unvaccinated controls is
negated by the fact that single-dose recipients had similar
vaccine efficacy to the two-dose and three-dose recipients.
Any conceivable bias resulting from higher risk of HPV
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infections in the unvaccinated comparator is likely to
affect the vaccine efficacy estimates in all three groups
equally. The proportion of participants eligible to provide
samples for genotyping was different across the dose
groups. However, the proportion of eligible participants
assessed for incident and persistent infections in each
group was similar. The large sample size, systematic
follow-up of the participants over many years, blinded
assessment of outcomes, and use of two independent
HPV detection tests are the major strengths of our study.
We believe that documentation of only a single case of
persistent HPV 16 infection among 2136 single-dose
recipients strongly supports the high efficacy of a single
dose. The results of our study are generalisable as our
single-dose cohort comprising sexually uninitiated,
average-risk adolescent girls is representative of the
primary target population for HPV vaccination. However,
our results are not applicable for immunocompromised
girls.

Nearly half of LMICs have not been able to introduce
HPV vaccination because most of them have phased out
of support from Gavi, the Vaccine Alliance, and many
countries cannot afford the price of US$4-50 per dose
negotiated by Gavi.® The health crisis created by
COVID-19 pandemic and the channelling of resources to
procure vaccines against SARS-CoV-2 will have a
disruptive effect on the under-funded cancer control
programmes in LMICs.” Global elimination of cervical
cancer will be achievable only when this huge inequity is
addressed with pragmatism. A preprint modelling study
has shown that a single dose of HPV vaccine even with
somewhat lower efficacy, but with higher coverage can
have greater population-level effect than two doses.”
Herd immunity created in the population through high
coverage could potentially compensate for any waning
protection of a vaccine over time at an individual level.” A
judicious recommendation to introduce a single dose of
HPV vaccine and ensure high coverage of HPV
vaccination will contribute to elimination of cervical
cancer in a more affordable manner.

Contributors

RS had the initial idea for the study and was responsible for the
conception, design, conduct, monitoring, and supervision of the study,
and acquisition, analysis, and interpretation of the data. Following RS’s
retirement, the same role was played by PB as the study principal
investigator. NB was the study representative for the Indian authorities
on behalf of all participants. SGM, SJ, NB, POE, URRP, AS, MS, YV, EZ,
and SP were responsible for the on-site conduct of the study at their
respective sites, participated in monitoring, supervision, acquisition,

and interpretation of the data, and contributed to the provision of clinical
services at the study sites. KJ, SH, AC, UD, SV, GM, R], and SSS also
contributed to the conduct of the study as site investigators. DA and
MRP were responsible for the overall supervision of genotype analyses at
the Indian laboratory, and SS, PRP, TPRAK, and RV assisted them.

RM was responsible for the statistical analysis and interpretation of the
data, and monitoring of the study. EL was responsible for generating
project questionnaires, software for data entry and analysis, and training
on-site staff in the use of the software. TG and MT were responsible for
the overall supervision of the laboratory analyses of the cervical cell

samples, and technology transfer to staff from the Indian central
laboratory. CS assisted in data analysis and interpretation. All authors

1527



Articles

1528

had access to the raw data. PB, RM, and EL accessed and verified all the
data. The corresponding author had final responsibility to submit for
publication.

Declaration of interests

PB has received research funding from GlaxoSmithKline through the
Chittaranjan National Cancer Institute (Kolkata, India) during his
previous position at the institute. NB has received research funding
through her institute from GlaxoSmithKline and Merck. S] has received
funds from GlaxoSmithKline through the Jehangir Clinical
Development Center (Pune, India) for a human papillomavirus vaccine
study. All other authors declare no competing interests.

Data sharing

External researchers can make written requests to the IARC for sharing
of data after publication. Requests will be assessed on a case-by-case
basis in consultation with lead and co-investigators. A brief analysis plan
and data request will be required and reviewed by the investigators for
approval of data sharing. When requests are approved, anonymised data
will be sent electronically in password protected files. All data sharing
will abide by rules and policies defined by the sponsor; relevant
institutional review boards; local, state, and federal laws and regulations.
Data sharing mechanisms will ensure that the rights and privacy of
individuals participating in research will be protected at all times.

Acknowledgments

This study was funded by the Bill & Melinda Gates Foundation. We are
very grateful to the Bill & Melinda Gates Foundation for their generous
financial support, European Commission Seventh Framework
Programme grant HPV-AHEAD (FP7-HEALTH-2011-282562) for partial
support for the establishment of the Luminex-based assays at Rajiv
Gandhi Centre for Biotechnology (RGCB), Trivandrum, India; Peter Dull
and Carolyn Wendell (Integrated Clinical Vaccine Development,

Bill & Melinda Gates Foundation) for their valuable support,
encouragement, and scientific inputs; current and past members of the
data safety monitoring board: Lynette Denny, John Schiller,

Peter Sasieni, Thangarajan Rajkumar, Doreen Ramogola-Masire,

Lutz Gissmann, and Raul Murillo for their valuable advice and
monitoring of the study safety and outcomes; Union for International
Cancer Control for the award of International Cancer Technology
Transfer fellowships that helped technology transfer and quality
assurance for immunogenicity and HPV genotyping studies at the
RGCB; the district administrative, civic, education, and health
authorities, and medical practitioners in the districts of India where the
studies are located for their cooperation, facilitation, and assistance in
implementing the study; and the study participants, their parents,
families, and legal guardians for their understanding, cooperation,
excellent and continuing participation in the study, and follow-up
procedures despite the challenges and misinformation after suspension
of HPV vaccination. We are grateful to Thara Somanathan (Regional
Cancer Centre, Thiruvananthapuram, India) for kindly reviewing the
histopathology slides. We thank Cecile Le Duc at the IARC for her
assistance in conducting the project and Krittika Guinot, also at the
IARC, for help in the preparation of the manuscript. Where authors are
identified as personnel of the IARC/WHO, the authors alone are
responsible for the views expressed in this article and they do not
necessarily represent the decisions, policy or views of the IARC/WHO.

References

1 Brisson M, Kim JJ, Canfell K, et al. Impact of HPV vaccination and
cervical screening on cervical cancer elimination: a comparative
modelling analysis in 78 low-income and lower-middle-income
countries. Lancet 2020; 395: 575-90.

2 WHO. Immunization, vaccines and biologicals. https://www.who.
int/teams/immunization-vaccines-and-biologicals/immunization-
analysis-and-insights/global-monitoring/data-statistics-and-graphics
(accessed June 4, 2021).

3 WHO. Immunization coverage. July 15, 2021. https://www.who.int/
news-room/fact-sheets/detail /immunization-coverage (accessed
June 4, 2021).

4 Bruni L, Saura-Lazaro A, Montoliu A, et al. HPV vaccination
introduction worldwide and WHO and UNICEF estimates of
national HPV immunization coverage 2010-2019. Prev Med 2021;
144:106399.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

UNICEF. Human papillomavirus (HPV) vaccine: supply and
demand update. October, 2020. https://www.unicef.org/supply/
reports/human-papillomavirus-hpv-vaccine-supply-and-demand-
update (accessed June 4, 2021).

Orumaa M, Kjaer SK, Dehlendorff C, et al. The impact of HPV
multi-cohort vaccination: real-world evidence of faster control of
HPV-related morbidity. Vaccine 2020; 38: 1345-51.
Sankaranarayanan R, Prabhu PR, Pawlita M, et al. Immunogenicity
and HPV infection after one, two, and three doses of quadrivalent
HPV vaccine in girls in India: a multicentre prospective cohort
study. Lancet Oncol 2016; 17: 67-77.

Sankaranarayanan R, Basu P, Kaur P, et al. Current status of
human papillomavirus vaccination in India’s cervical cancer
prevention efforts. Lancet Oncol 2019; 20: e637—44.
Sankaranarayanan R, Joshi S, Muwonge R, et al. Can a single dose
of human papillomavirus (HPV) vaccine prevent cervical cancer?
Early findings from an Indian study. Vaccine 2018; 36: 4783-91.
Basu P, Sankaranarayanan R. Atlas of colposcopy: principles and
practice. 2017 https://screening.iarc.fr/atlascolpo.php (accessed
June 4, 2021).

Eklund C, Forslund O, Wallin KL, Dillner J. Continuing global
improvement in human papillomavirus DNA genotyping services:
the 2013 and 2014 HPV LabNet international proficiency studies.

J Clin Virol 2018; 101: 74-85.

Tsang SH, Sampson N, Schussler J, et al. Durability of cross-
protection by different schedules of the bivalent HPV vaccine:

the CVT Trial. J Natl Cancer Inst 2020; 112: 1030-37.

Rothman K], Boice JD, Austin H. Epidemiologic analysis with a
programmable calculator. Boston, MA: Epidemiology

Resources, 1982.

Sullivan LM, Massaro JM, D’Agostino RB Sr. Presentation of
multivariate data for clinical use: the Framingham Study risk score
functions. Stat Med 2004; 23: 1631-60.

International Agency for Research on Cancer/WHO. Primary end-
points for prophylactic HPV vaccine trials. IARC Working Group
report, vol 7 Lyon: IARC, 2014.

Bosch FX, Qiao YL, Castellsagué X. Chapter 2. The epidemiology of
human papillomavirus infection and its association with cervical
cancer. Int | Gynaecol Obstet 2006; 94 (suppl 1): S8-21.

Kreimer AR, Struyf F, Del Rosario-Raymundo MR, et al. Efficacy of
fewer than three doses of an HPV-16/18 AS04-adjuvanted vaccine:
combined analysis of data from the Costa Rica vaccine and
PATRICIA trials. Lancet Oncol 2015; 16: 775-86.

Basu P, Muwonge R, Bhatla N, et al. Two-dose recommendation for
human papillomavirus vaccine can be extended up to 18 years—
updated evidence from Indian follow-up cohort study.
Papillomavirus Res 2019; 7: 75-81.

Kreimer AR, 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—46.

Bachmann MF, Jennings GT. Vaccine delivery: a matter of size,
geometry, kinetics and molecular patterns. Nat Rev Immunol 2010;
10: 787-96.

Day PM, Kines RC, Thompson CD, et al. In vivo mechanisms of
vaccine-induced protection against HPV infection. Cell Host Microbe
2010; 8: 260-70.

Rodriguez AM, Zeybek B, Vaughn M, et al. Comparison of the
long-term impact and clinical outcomes of fewer doses and
standard doses of human papillomavirus vaccine in

the United States: a database study. Cancer 2020; 126: 1656-67.
Brotherton JM, Budd A, Rompotis C, et al. Is one dose of human
papillomavirus vaccine as effective as three?: A national cohort
analysis. Papillomavirus Res 2019; 8: 100177

Verdoodt F, Dehlendorff C, Kjaer SK. Dose-related effectiveness of
quadrivalent human papillomavirus vaccine against cervical
intraepithelial neoplasia: a Danish nationwide cohort study.

Clin Infect Dis 2020; 70: 608-14.

Markowitz LE, Naleway AL, Klein NP, et al. Human papillomavirus
vaccine effectiveness against HPV infection: evaluation of one, two,
and three doses. J Infect Dis 2020; 221: 910-18.

Zeybek B, Lin YL, Kuo YF, Rodriguez AM. The impact of varying
numbers of quadrivalent human papillomavirus vaccine doses on
anogenital warts in the United States: a database study.

J Low Genit Tract Dis 2018; 22: 189-94.

www.thelancet.com/oncology Vol 22 November 2021



Articles

27 Whitworth HS, Gallagher KE, Howard N, et al. Efficacy and
immunogenicity of a single dose of human papillomavirus vaccine
compared to no vaccination or standard three and two-dose
vaccination regimens: a systematic review of evidence from clinical
trials. Vaccine 2020; 38: 1302-14.

28  Shinkafi-Bagudu Z. Global partnerships for HPV vaccine must look
beyond national income. JCO Glob Oncol 2020; 6: 1746—48.

www.thelancet.com/oncology Vol 22 November 2021

29

30

Ginsburg O, Basu P, Kapambwe S, Canfell K. Eliminating cervical
cancer in the COVID-19 era. Nat Can 2021; 2: 133-34.

Prem K, Choi YH, Bénard E, et al. Global impact and
cost-effectiveness of one-dose versus two-dose human
papillomavirus vaccination schedules: a comparative modelling
analysis. medRxiv 2021; published online Feb 8. https://doi.org/
10.1101/2021.02.08.21251186 (preprint).

1529



	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 multicentre, prospective, cohort study
	Introduction
	Methods
	Study design and participants
	Procedures
	Outcomes
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


