nature medicine

Article https://doi.org/10.1038/541591-023-02658-0

Durability of single-dose HPV vaccination
inyoung Kenyanwomen:randomized
controlled trial 3-year results

Received: 28 April 2023 Ruanne V. Barnabas®"230 ¢, Elizabeth R. Brown ® **¢, Maricianah A. Onono’,
Elizabeth A. Bukusi’®®, Betty Njoroge'?, Rachel L. Winer", Denise A. Galloway®?,
LeeyaF. Pinder®®, Deborah Donnell*?, Imelda N. Wakhungu’, Charlene Biwott™,

Accepted: 20 October 2023

Published online: 4 December 2023 Syovata Kimanthi'®, Kate B. Heller'?, Diane G. Kanjilal®', Daniel Pacella®’,
Susan Morrison®, Elena A. Rechkina®, Stephen L. Cherne'®, Torin T. Schaafsma?,
% Check for updates R. Scott McClelland ® 8"'5'¢, Connie Celum®"'5, Jared M. Baeten ® 3%,

Nelly R. Mugo®'° & the KEN SHE Study Team*

Cervical cancer burdenis high where prophylactic vaccination and
screening coverage are low. We demonstrated in a multicenter randomized,
double-blind, controlled trial that single-dose human papillomavirus

(HPV) vaccination had high vaccine efficacy (VE) against persistent
infection at 18 months in Kenyan women. Here, we report findings of this
trial through 3 years of follow-up. Overall, 2,275 healthy women aged

15-20 years were recruited and randomly assigned to receive bivalent
(n=760), nonavalent (n=758) or control (n =757) vaccine. The primary
outcome was incident-persistent vaccine type-specific cervical HPV
infection. The primary evaluation was superiority analysis in the modified
intention-to-treat (mITT) HPV16/18 and HPV 16/18/31/33/45/52/58 cohorts.
The trial met its prespecified end points of vaccine type-specific persistent
HPVinfection. A total of 75 incident-persistent infections were detected in
the HPV16/18 mITT cohort: 2 in the bivalent group, 1in the nonavalent group
and 72inthe control group. Nonavalent VE was 98.8% (95% C191.3-99.8%,

P <0.0001) and bivalent VE was 97.5% (95% C190.0-99.4%, P < 0.0001).
Overall, 89 persistent infections were detected in the HPV 16/18/31/33/
45/52/58 mITT cohort: 5in the nonavalent group and 84 in the control
group; nonavalent VE was 95.5% (95% C189.0-98.2%, P < 0.0001). There were
novaccine-related severe adverse events. Three years after vaccination,
single-dose HPV vaccination was highly efficacious, safe and conferred
durable protection. ClinicalTrials.gov no. NCT03675256.

Cervical cancer burden remains high globally, with more than 600  notable disparities; cervical cancer incidence is three times higher
000 cases and 340 000 deaths in 2020 and incidence and mortality and mortality is six times higher in countries with a United Nations
rates in most countries higher than the World Health Organization Development Programme-defined low Human Development Index
(WHO) threshold for cervical cancer elimination'. Further, thereare  (HDI) than in countries with a very high HDI. Targeted strategies are
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needed to achieve the WHO goal of cervical cancer elimination and to
reduce global cervical cancer disparities.

HPV vaccines prevent more than 90% of persistent oncogenic
vaccine type-specific HPV infections, the primary cause of cervical
cancer”’, HPV vaccination is foundational in the WHO’s Global Cervi-
cal Cancer Elimination Strategy as a primary prevention of HPV infec-
tion*. The strategy aims to vaccinate 90% of girls globally. Four HPV
vaccines are licensed to be given as 2-3 intramuscular injections over
2-6 months, all targeting high-risk (oncogenic) HPV types that cause
70-90% of cancers. The bivalent vaccines (Cervarix and Cecolin) pre-
vent HPV16/18 infection, the quadrivalent vaccine (Gardasil) prevents
HPV 16/18/6/11, including the low-risk HPV types 6 and 11 to prevent
genital warts, and the nonavalent vaccine (Gardasil-9) prevents HPV
16/18/31/33/45/52/58/6/11 infection, including five additional high-risk
HPV types. Vaccinating the current global cohort of women aged
9-18 years would prevent HPV-associated precancerous lesions’ and
11.6 million cases of cervical cancer over their lifetimes®; however, cur-
rent HPV vaccine coverage remains low. In 2019, only 15% of adolescent
girls globally were vaccinated against HPV’.

Single-dose HPV vaccination would simplify the logistics and reduce
costsof scaling up vaccine programs, lowering barriers to reaching high
HPV vaccine coverage. The vaccine virus-like-particle (VLP) structure,
which self-assembles to mimic the live virus without the replicating
DNA, generates strongimmunity with asingle dose, analogous to highly
immunogenic whole-virus vaccines rather than a subunit vaccine, sup-
porting a biological mechanism for single-dose efficacy rather than
the prime-boost multi-dose schedule that optimizes subunit vaccine
efficacy (VE)®. Single-dose HPV vaccine efficacy is comparable to the
licensed two- or three-dose regimen in randomized trials and observa-
tional studies’ . Thus, in April 2022, the WHO recommended one or two
doses of HPV vaccines for children, adolescents and young adults aged
9-20 years; however, a desire for data about longer-term durability of
single-dose HPV vaccination persists” ™ and national guidelines con-
tinue to recommend multi-dose strategies. Also, few low-HDI countries
have catch-up vaccination programs for persons 15 years and older,
although those programs accelerate the impact of vaccination’.

In Kenya, the age-standardized incidence for cervical cancer is
31.3per100,000 person-years; annually, anestimated 5,236 new cases
are diagnosed and 3,211 deaths attributable to cervical cancer occur’.
Kenya’s two-dose HPV immunization program was launched in Octo-
ber 2019 to reach 10-year-old girls, in the context of vaccine supply
constraints. In 2021, vaccine coverage for the first dose was 77% and
31% for the second dose'. With WHO guidance recommending vacci-
nation for the multi-age cohort of 9-14 year olds, the easing of vaccine
supply constraints, and the need to deliver immunization services to
alarger number of adolescents, evaluating the efficacy of single-dose
vaccination would provide evidence to policymakers forimmunization
scale-up, including multi-age cohorts and catch-up vaccination for
those who may have missed vaccination during programmatic scale-up.

This study evaluated zero versus single-dose HPV vaccination and
employed a superiority design to support efficacious, feasible, and
timely evidence for catch-up vaccination'”’®, As reported previously,
at 18 months, bivalent and nonavalent vaccine efficacy was 97.5% for
HPV16/18 and nonavalent VE was 88.9% for HPV 16/18/31/33/45/52/58".
We hypothesized that single-dose HPV VE would be durable over 36
months. Here we report the final single-dose HPV VE 3 years after
vaccine administration to evaluate the durability of single-dose HPV
vaccination for zero versus single-dose HPV vaccination. As planned,
all participants have received HPV vaccination and follow-up continues
to evaluate the durability of single-dose efficacy.

Results

Participant disposition and characteristics

Between 20 December 2018 and 15 November 2019, 3,090 partici-
pants were screened for study eligibility and 2,275 (74%) were enrolled.

Ofthose ineligible (n = 419),132 (32%) had a positive pregnancy test, 51
(12%) declined study procedures, 34 (8%) had a positive rapid HIV test
and 202 (48%) met other exclusion criteria. Enrolled participants were
randomized (Fig. 1): 758 to the nonavalent HPV vaccine group, 760 to
thebivalent HPV vaccine group and 757 to the control vaccine group. At
enrollment, 57% of participants (n =1,301) were aged 15 to 17 years and
61% (n=1,392) had one sexual partner intheir lifetime with comparable
baseline characteristics between the groups (Extended Data Table 1).

Participants included in the primary analysis tested HPV DNA
negative (external genital/lateral vaginal and cervical swabs) at enroll-
ment, by self-collected vaginal swab at month 3, and HPV antibody
negative at enrollment in the mITT cohort. For inclusion in the HPV
16/18 mITT cohort, participants were HPV 16/18 naive. Similarly, for
the HPV 16/18/31/33/45/52/58 mITT cohort, participants were HPV
16/18/31/33/45/52/58 naive.

ForHPV16/18, participants who tested HPV16/18 antibody-positive
or HPV16/18 DNA-positive at enrollment or HPV DNA-positive month
3 (n=661) or had missing antibody results (n=1) or a missing month
3 swab (n=155) were excluded. Among the 1,458 participants meet-
ing the criteria for the primary HPV 16/18 mITT analysis, 496 were in
the nonavalent group, 489 were in the bivalent group and 473 were
inthe control group. For HPV 16/18/31/33/45/52/58, participants who
tested HPV16/18/31/33/45/52/58 antibody- or HPV 16/18/31/33/45/52/58
DNA-positive atenrollment or HPV DNA-positive at month 3 (n=792) or
had missing antibody results (n =1) or amissing month 3 swab (n = 107)
were excluded. Of the 615 participants eligible for the primary HPV
16/18/31/33/45/52/58 analysis, 325 were in the nonavalent group and
290 wereinthe control vaccine group. The median age was 17 years for
theHPV16/18 and HPV16/18/31/33/45/52/58 mITT cohorts (Table1) and,
overall, the baseline characteristics by study groups were comparable.

Onehundred percent of participants received their assigned vac-
cine and no administration errors were identified. Overall, 19 of 2,275
(0.8%) participants did not contribute follow-up time after enrollment
and 5 (0.2%) exited the study during follow-up. Overall, 2,256 of 2,275
(99%) participants contributed a median of 35 months of follow-up
time between December 2018 andJanuary 2023. A total of 34% of par-
ticipants (7710f2,256) provided a final analysis swab at month 30 and
62% (1,397 of 2,256) at month 36 as participants received cross-over
vaccination at their next study visit after regulatory approvals were
obtained to allow timely access to the effective intervention. Reten-
tion of four or more swabs collected at follow-up for the assessment of
primary end points was 96% (2,182 of 2,275) and 91% (2,061 of 2,2,275)
for five or more swabs (Extended Data Table 2). Of the end-point swabs,
93% of swabs were cervical and 7% of swabs were self-collected vaginal
swabs, which was similar across intention-to-treat (ITT) and mITT
cohorts (Extended Data Table 3).

Theincidence of persistent non-vaccine HPV types (HPV 26/35/3
9/40/42/43/44/51/53/54/56/59/61/66/68/69/70/73/82) was compara-
ble between the three study groups: 24.9 of 100 woman-years in the
nonavalent group, 25.8 of 100 woman-years in the bivalent group and
22.0 0f 100 woman-yearsin the control group (Extended Data Table 4).
The rates of chlamydia and gonorrhea were comparable across the
three study groups (Extended Data Table 5).

Primary outcomes

Through month 36, a total of 75 incident-persistent infections were
detectedinthe HPV16/18 mITT cohort:1among the nonavalent vaccine
group, 2 among participants assigned to the bivalent vaccine group,
and 72 among those assigned to the control vaccine group (Table 2a)
(thus, no additional infectionsin the nonavalent group, one additional
infectioninthe bivalent group and 36 additional infections in the con-
trolgroup compared to month 18). Through month 36, theincidence of
persistent HPV 16/18 was 0.08 per 100 woman-yearsin the nonavalent
vaccine group and 0.16 per 100 woman-years in the bivalent group,
comparedto 6.70 per 100 woman-years in the control vaccine control
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Primary mITT analysis for HPV
16/18 (n = 1,458)
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Primary mITT analysis for HPV
16/18/31/33/45/52/58 (n = 615)

Fig.1|Randomized trial profile. CONSORT diagram for the disposition of KEN SHE Study participants, including primary mITT cohort disposition for HPV16/18 and

HPV16/18/31/33/45/52/58.

group. Nonavalent VE was 98.8% (95% CI 91.3-99.8%, P < 0.0001) and
bivalent VE was 97.5% (95% C190.0-99.4%, P < 0.0001) (Fig. 2a).

At month 18, there were 33 incident-persistent infections in the
HPV16/18/31/33/45/52/58 mITT cohort: 4 in the nonavalent group and
29 in the control group. Through month 36, 89 incident-persistent
infections were detected in the HPV16/18/31/33/45/52/58 mITT cohort:
5inthe nonavalent vaccine group and 84 in the control vaccine group
(Table 2b) (thus, 1 additional infection in the nonavalent group and 55
additional infections in the control group). Through month 36, the
incidence of persistent HPV 16/18/31/33/45/52/58 was 0.61 per 100
woman-years in the nonavalent vaccine group compared to 13.8 per
100 woman-yearsin the control group. Nonavalent VE for HPV16/18/31/
33/45/52/58 was 95.5% (95% C189.0-98.2%, P < 0.0001) (Fig. 2b).

Secondary outcomes and efficacy analyses

In the planned secondary sensitivity analysis, including participants
with type-specific HPV antibodies detected at enrollment, there were
88incident-persistentinfectionsinthe HPV16/18 mITT cohort: linthe

nonavalent vaccine group, 3 among participants assigned to the biva-
lent group and 84 among those assigned to the control vaccine group
(Table 2a). HPV 16/18 incidence was 0.07 per 100 women-years in the
nonavalent group, 0.21 per 100 women-years in the bivalent vaccine
group and 6.87 per 100 women-years in the control group; nonava-
lent VE was 99.0% (95% C192.5-99.9%, P< 0.0001) and bivalent VE was
96.8% (95% C190.0-99.0%, P< 0.0001; Table 2a). In the sensitivity analy-
sis, there were a total of 124 incident-persistent infections in the HPV
16/18/31/33/45/52/58 mITT cohort: 8 among participants assigned to the
nonavalent group and 116 among those assigned to the control group;
nonavalent VE was 94.8% (95% CI1 89.3-97.4%, P < 0.0001; Table 2b).
Inthe planned secondary extended-sensitivity analysis, excluding
participants with HPV DNA detected at month 6, there were a total of
44 incident-persistentinfectionsinthe HPV16/18 mITT cohort: 0 each
among participants assigned to the bivalent and nonavalent vaccine
groups and 44 among those assigned to the control vaccine group
(Table 2a). HPV16/18 incidence was O per 100 women-yearsin the non-
avalent and bivalent vaccine groups and 5.52 per 100 women-years in
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Table 1| Baseline characteristics of the mITT cohorts

HPV 16/18 mITT

HPV 16/18/31/33/45/52/58 mITT

NonavalentHPV Bivalent HPV Control NonavalentHPV Control
Characteristic Category
Total 496 489 473 325 290
Age group (years) 15-17 299 (60.3%) 278 (56.9%) 278 (58.8%) 197 (60.6%) 168 (57.9%)
18-20 197 (39.7%) 211 (43.1%) 195 (41.2%) 128 (39.4%) 122 (42.1%)
Age (years) Median (IQR) 17 (16,18) 17 (16,19) 17 (16,19) 17 (16, 18) 17 (16,19)
Marital status Never married 478 (96.4%) 462 (94.5%) 446 (94.3%) 315 (96.9%) 269 (92.8%)
Married 14 (2.8%) 24 (4.9%) 20 (4.2%) 7(2.2%) 15 (5.2%)
Previously married 3(0.6%) 3(0.6%) 7 (1.5%) 2 (0.6%) 6 (21%)
Other 1(0.2%) 0 (0.0%) 0 (0.0%) 1(0.3%) 0 (0.0%)
Education (highest level) No schooling 1(0.2%) 2 (0.4%) 1(0.2%) 1(0.3%) 1(0.3%)
Primary school, some or 40 (81%) 30 (61%) 36 (7.6%) 27 (8.3%) 27 (9.3%)
complete
Secondary school, some 359 (72.4%) 368 (75.3%) 355 (75.1%) 241 (74.2%) 220 (75.9%)
or complete
Post-secondary school 96 (19.4%) 89 (18.2%) 81(171%) 56 (17.2%) 42 (14.5%)
Earns an income of her own No 437 (88.1%) 417 (85.3%) 417 (88.2%) 284 (87.4%) 248 (85.5%)
Yes 59 (11.9%) 72 (14.7%) 56 (11.8%) 41(12.6%) 42 (14.5%)
Has a current main or steady No 144 (29.0%) 152 (311%) 145 (30.7%) 98 (30.2%) 95 (32.8%)
sexual partner
Yes 352 (71.0%) 337 (68.9%) 328 (69.3%) 227 (69.8%) 195 (67.2%)
Age when first had vaginal <15 123 (24.8%) 116 (23.7%) 103 (21.8%) 80 (24.6%) 65 (22.4%)
intercourse (years)
15-17 265 (53.4%) 274 (56.0%) 282 (59.6%) 185 (56.9%) 173 (69.7%)
>18 96 (19.4%) 93 (19.0%) 79 (16.7%) 54 (16.6%) 46 (15.9%)
Do not remember 12 (2.4%) 6 (1.2%) 9(1.9%) 6 (1.8%) 6 (2.1%)
Lifetime number of sex partners 1 322 (64.9%) 332 (67.9%) 289 (61.1%) 217 (66.8%) 184 (63.4%)
2 121(24.4%) 100 (20.4%) 13 (23.9%) 78 (24.0%) 65 (22.4%)
>3 53 (10.7%) 57 (11.7%) 71(15.0%) 30 (9.2%) 41 (14.1%)
Condom use with last vaginalsex ~ No 153 (30.8%) 155 (31.7%) 140 (29.6%) 98 (30.2%) 78 (26.9%)
Yes 237 (47.8%) 235 (48.1%) 238 (50.3%) 156 (48.0%) 144 (49.7%)
No sex in past year 106 (21.4%) 99 (20.2%) 95 (20.1%) 71(21.8%) 68 (23.4%)
Syphilis Negative 496 (100.0%) 489 (100.0%) 471(99.6%) 325 (100.0%) 289 (99.7%)
Positive o] 0] 1(0.2%) (0] 1(0.3%)
Not done 0 0 1(0.2%) 0 0
Chlamydiatrachomatis Negative 438 (88.3%) 434 (88.8%) 213 (87.3%) 293 (90.2%) 252 (86.9%)
Positive 58 (11.7%) 55 (11.2%) 60 (12.7%) 32(9.8%) 38 (13.1%)
Neisseriagonorrhoeae Negative 488 (98.4%) 480 (98.2%) 466 (98.5%) 322 (99.1%) 285 (98.3%)
Positive 8(1.6%) 9 (1.8%) 7 (1.5%) 3(0.9%) 5(1.7%)
HSV-2 Negative 407 (82.1%) 387 (791%) 375 (79.3%) 264 (81.2%) 226 (77.9%)
Positive 88 (17.7%) 102 (20.9%) 98 (20.7%) 60 (18.5%) 64 (22.1%)
Indeterminate 1(0.2%) 0 0 1(0.3%) 0
BV® Negative 415 (83.7%) 378 (77.3%) 378 (79.9%) 278 (85.5%) 239 (82.4%)
Positive 81(16.3%) 11 (22.7%) 95 (201%) 47 (14.5%) 51(17.6%)
Trichomonasvaginalis Negative 477 (96.2%) 468 (95.7%) 452 (95.6%) 315 (96.9%) 275 (94.8%)
Positive 19 (3.8%) 21(4.3%) 21(4.4%) 10 (3.1%) 15 (5.2%)

®Nugent scores 7-10 were classified as BV positive and Nugent scores 0-6 were classified as BV negative. BV, bacterial vaginosis; IQR, interquartile range; HSV, herpes simplex virus.

the control group; nonavalent VE was 100% (P < 0.0001) and bivalent
VEwas100% (P < 0.0001) (Table 2a). In the extended-sensitivity analy-
sis, there were a total of 51 incident-persistent infections in the HPV

16/18/31/33/45/52/58 mITT cohort:1among participants assigned to the
nonavalent group and 50 among those assigned to the control group;
nonavalent VE was 98.6% (95% C190.0-99.8%, P < 0.0001) (Table 2b).
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Table 2| Incidence of persistent HPV and vaccine efficacy

HPV16/18
Nonavalent HPV Bivalent HPV Control Nonvalent versus control Bivalent versus control
Events/ Incidence of Events/ Incidence of Events/ Incidence of VE (95% Cl) Pvalue VE (95% Cl) Pvalue
participants  persistent HPV  participants  persistent HPV participants persistent HPV

16/18 per 100 16/18 per 100 16/18 per 100

woman-years woman-years woman-years

(95% Cl) (95% Cl) (95% Cl)
mITT Primary  1/496 0.08 (0-0.44) 2/489 016 (0.02-0.58)  72/473 6.70 (5.24-8.44) 98.8% (91.3-99.8%)  <0.0001 97.5% (90.0-99.4%) <0.0001
mITT 1/569 0.07 (0-0.39) 3/561 0.21(0.04-0.62) 84/543 6.87 (5.48-8.51) 99.0% (92.5-99.9%) <0.0001 96.8% (90.0-99.0%) <0.0001
sensitivity
Extended 0/429 0(0-0.38) 0/404 0 (0-0.40) 44/380 5.52 (4.01-7.42) 100.0%* (NC) <0.0001 100.0%* (NC) <0.0001
sensitivity
b

HPV 16/18/31/33/45/52/58
Nonavalent HPV Control Nonvalent versus control
Events/ participants Incidence of persistent HPV Events/ participants Incidence of persistent HPV VE (95% CI) Pvalue
16/18/31/33/45/52/58 16/18/31/33/45/52/58
per 100 woman-years (95% Cl) per 100 woman-years (95% Cl)

mITT primary 5/325 0.61(0.20-1.42) 84/290 13.8 (11.0-17.0) 95.5% (89.0-98.2%)  <0.0001
mITT sensitivity 8/437 0.74 (0.32-1.45) 116/392 14.4 (11.9-17.2) 94.8% (89.3-97.4%) <0.0001
Extended sensitivity  1/264 0.17 (0-0.92) 50/210 12.1(8.97-15.9) 98.6% (90.0-99.8%)  <0.0001

NC, not calculated. *VE computed as 100x(1-crude incidence rate ratio). Incidence of persistent HPV by randomized vaccine group in the mITT primary, mITT sensitivity cohorts. For the HPV
types specified, the mITT primary cohort includes participants who were HPV DNA and antibody negative at enrollment and DNA negative at month 3; the mITT sensitivity cohort includes
participants who were HPV DNA negative at enrollment and month 3; and the extended-sensitivity cohort includes participants who were HPV DNA and antibody negative at enrollment, and
DNA negative and months 3 and 6. Woman-years of follow-up time is computed from the month 3 swab collection date for the mITT primary and sensitivity cohorts, and from the month 6 swab
collection date in the extended-sensitivity cohort. No multiplicity adjustments were performed. a, Incidence of persistent HPV 16/18 and VE. For the extended-sensitivity cohort comparisons,
VE is reported as 100x(1-crude incidence rate ratio) due to O events in the nonavalent and bivalent HPV vaccine arms. Two-sided log-rank P values are computed for each comparison using
the log-rank test. b, Incidence of persistent HPV 16/18/31/33/45/52/58 and VE. Two-sided log-rank P values are computed for each comparison using the log-rank test.

Inthe planned secondary analyses to assess VE in the prespecified
subgroups, as defined at enrollment, for the presence of co-infections
(chlamydia, gonorrhea, herpes simplex type 2, trichomoniasis, syphi-
lis and bacterial vaginosis), self-reported condom use, number of
self-reported lifetime sex partners (1 versus 2+) and contraceptive
method use, there was no difference in VE in predefined subgroups
(Extended Data Tables 6 and 7).

Safety

Serious adverse events (SAEs) were experienced by 201 participants,
whichincluded 122 participants with pregnancy-related SAEs, 71 with
infections or inflammatory conditions (of which 39 were malaria),
7injuriesand12 mental healthillnesses. Overall, the SAE frequency was
similar between groups (Table 3). There were five deaths in the study
duetounsafeabortion, sepsis, suicide, hepatocellular carcinoma, com-
plications following an emergency cesarean section for fetal distress
and one unknown cause with acute symptoms of cough productive of
bloody sputum. SAEs were assessed as not related to the study vaccines.
Five participants had abnormal cervical cytology at enrollment and
were followed until the lesions resolved or the participant received
treatment. Social harms were reported by 0.31% of participants (n=7),
including partner physical and verbal abuse and lack of social support
from friends and family for trial participation.

Exploratory analyses

In exploratory analysis to evaluate cross-protection against related
HPV types, bivalent VE against incident-persistent HPV 31/33/45 was
10.1% (95% C1-38.7% to 41.7%) (Extended Data Table 8).

Post hoc analyses

Using only provider-collected end-point cervical swabs and excluding
self-collected vaginal swabs, the results for the primary analysis were
notdifferent: the VE was 98.7% (95% C190.5-99.8%) for the nonavalent

vaccine and 97.3% (95% C189.0-99.3%) for the bivalentinthe HPV16/18
mITT cohort. Nonavalent VE was 95.3% (95% CI 88.4-98.1%) in the HPV
16/18/31/33/45/52/58 mITT cohort (Table 4).

The absolute reductioninthe HPV16/18 mITT cohort for cumula-
tive incident-persistent HPV 16/18 infection was —16.0% (95% CI -19.5
to-12.5%) for the nonavalent group and -15.8% (95% CI -19.3 to -12.3%)
for thebivalent group; an absoluteincidence of 0.2% (95% C10-0.6%) in
the nonavalent vaccine group and 0.4% (95% C10-1.0 %) in the bivalent
group comparedto16.2% (95% C112.7-19.7%) in the control group. For
the HPV 16/18/31/33/45/52/58 mITT cohort, the absolute reduction in
persistent HPV 16/18/31/33/45/52/58 infection was =30.1% (95% C1 -36.1
to —24.2%) for the nonavalent vaccine; an absolute incidence of 1.6%
(95% C10.2-2.9%) in the nonavalent vaccine group compared to 31.7%
(95% C125.9-37.4%) in the control group.

Discussion

Three years after vaccine administration, the high efficacy of both
single-dose bivalent or nonavalent HPV vaccine was sustained and
durable against vaccine-specific oncogenic HPV infection. Protection
against type-specificincident-persistent infection was >98% for biva-
lentand nonavalent vaccine protection against HPV 16/18 and >95% for
nonavalent vaccine protection against HPV16/18/31/33/45/52/58, which
cause 70% and 90% of cervical cancer cases, respectively. Thistogether
with observed high reductions in the absolute cumulative incidence,
the potential for public health impact in the context of disparities by
HDIin cervical cancer incidence and mortality' is substantial. Saliently,
thereis high certainty of VE of atleast 90% against HPV 16/18; the lower
confidence interval limit for the bivalent and nonavalent VE.

Taken in context, these data contribute to a suite of studies that
provide evidence for single-dose HPV VE. The Costa Rica vaccine trial
(CVT)” provided the first observational data for bivalent single-dose
HPV vaccine effectiveness and recently demonstrated durability over
16 years'. The DoRIS study demonstrated that asingle-dose nonavalent

Nature Medicine | Volume 29 | December 2023 | 3224-3232

3228


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-023-02658-0

a HPV 16/18 mITT
1.0 4
e 0.9 - — Nonavalent HPV
2 -~ Bivalent HPV
R 0.8 4
@ : -+ Control
o
Q 0.7 4
“
o Q0 06
cu 6 -
2s
O — 054
o>
o
2T o4
g 03 Nonavalent HPV versus control VE 98.8% (95% Cl 91.3-99.8%); log-rank P < 0.0001
S 27 Bivalent HPV versus control VE 97.5% (95% Cl 90.0-99.4%); log-rank P < 0.0001
]
> 0.2
g ........................
O 014 e
O -
T T T T T T T T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900
Days since month 3 swab
No at risk
Nonavalent HPV <4 496 496 495 494 493 492 492 492 490 490 489 478 477 467 351 332
Bivalent HPV - 489 488 488 487 487 485 485 485 484 483 483 479 477 466 331 315
Control 4 473 473 465 453 450 438 434 432 418 413 407 387 384 369 262 246
T

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900
Days since month 3 swab

Fig.2| Cumulative incidence curves for the incidence of persistent HPV in the
modified intention-to-treat primary analyses. Cumulative incidence curves
were computed by vaccine group using Kaplan-Meier methods. Two-sided
log-rank Pvalues were computed for each comparison using the log-rank test.

a, Cumulative incidence of persistent HPV16/18 in the HPV16/18 mITT cohort
(n=1,458). Four participants in the HPV 16/18 mITT cohort did not contribute a
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second end-point swab and thus did not contribute time at risk. b, Cumulative
incidence of persistent HPV 16/18/31/33/45/52/58 in the HPV 16/18/31/33/45/52/
58 mITT cohort (n = 615). One participantin the HPV 16/18/31/33/45/52/58 mITT
cohort did not contribute a second end-point swab and thus did not contribute
time atrisk.

orbivalent HPV vaccine produced robustimmune responses similar to
two doses and three doses among 9-14-year-old girls**. The IARC-India
study reported durability of single-dose quadrivalent HPV vaccine
effectiveness over adecade". Thus, consistent evidence on the efficacy
and durability of single-dose HPV vaccination supports the WHO guid-
ance for single-dose implementation to increase vaccine coverage. In
mathematical modeling analyses of scale-up, implementation of rou-
tine single-dose immunization has the potential to avert most cervical
cancer cases compared to two doses, with adurability of 20-30 years,
in low-HDI settings™. Further, single-dose vaccination can increase
coverage among girls in the 9-14-year-old group before they age out
of vaccine eligibility and provide catch-up vaccination for those who
may have missed the immunization due to the COVID-19 pandemic or
otherreasons.

Of the 11.6 million cases of cervical cancer expected globally
among girls born between 2005 and 2014, 75% of the burden will be
concentrated in 25 countries largely in Africa and Asia, highlighting
the need to focus prevention efforts among recently born girls®. Over-
all, the rate of incident persistent HPV infection in this population
of African adolescent girls and young women was high; 13.8 per 100
woman-yearsinthe controlgroup, underscoring the need for effective,
scalable vaccine programs that can achieve high coverage and reduce
this high incidence of HPV infection and ultimately cervical cancer™*.
Catch-up vaccination programs for adolescents and young people aged
15-20years, who do not qualify for current vaccination programs, have
the potential to avert oncogenic persistent infections. Through this
head-to-head comparison of bivalent and nonavalent HPV vaccines,
sustained VE was demonstrated in the context of high HPV prevalence.
Single-dose HPV vaccination could increase vaccine access and cover-
age and offer a cost-effective strategy for cervical cancer prevention.

The vaccines’ underlying immunological mechanism of action
could explain the observed VE. The vaccines contain monomers
that self-assemble into capsomers and VLPs, a highly immunogenic
structure mimicking the ordered, repetitive virus epitope structure
and allowing for crosslinking of B cell receptors®. This induces high

Table 3 | Participants experiencing adverse events (ITT)

Randomized group

Nonavalent Bivalent Control All

HPV HPV
Enrolled, n 758 760 757 2,275
Any SAE, n (%) 59 (7.8%) 72 (9.5%) 70 (9.2%) 201(8.8%)
Any pregnancy- 44 (5.8%) 45 (5.9%) 33(4.4%) 122 (5.4%)
related, n (%)
Any infection/ 13 (1.7%) 26 (3.4%) 32(4.2%) 71(31%)
inflammation, n (%)
Any injury, n (%) 0 (0%) 3(0.4%) 4 (0.5%) 7(0.3%)
Any mental health, 3 (0.4%) 4(0.5%) 5(0.7%) 12 (0.5%)

n (%)

Participants may have more than one event across categories.

levels of virlon-neutralizing serum antibodies and long-lasting plasma
cells, supporting effective and durable VE. We did not see evidence of
cross-protection with a single dose of the bivalent vaccine and it may
be that two doses are required for cross-protection for the closely
related HPV 31/33/45. The confidence interval did notinclude previous
estimates of the multi-dose bivalent strategy of 50% cross-protection
for HPV 31/33/45 (ref. 5).

The study has several strengths, including its randomized,
double-blind controlled design, high retention rate, use of cervical HPV
DNA asthe outcome measure, determination of incident persistent HPV
DNA, head-to-head comparison of the licensed bivalent and nonavalent
HPV vaccinesin protection against persistent infection with oncogenic
HPVtypes, and duration of follow-up. Moreover, the trial successfully
enrolled individuals exposed to HPV infection and retained them in
all randomized groups, facilitating a rapid evaluation of single-dose
efficacy. Compared to the 18-month analysis, the final analysis VE
estimates are stable through 36 months, with higher point-estimates
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Table 4 | Incidence of persistent HPV and vaccine efficacy using cervical swabs only (mITT primary cohorts)

95% CI Statistical comparisons
Randomized Enrolled(n) HPVtype Incident- Woman-years Incidenceof Lower Upper Comparison VE 95% CI Pvalue
group naive at persistent of follow-up persistent bound bound (log-rank)
baseline  HPV (n) HPV per100
(mITT) (n) woman-years
HPV 16/18 mITT cohort
Nonavalent HPV 758 496 1 1,240.76 0.08 0 0.45 Nonavalent 98.7% (90.5-99.8%) <0.0001
HPV versus
control
Bivalent HPV 760 489 2 1,216.42 0.16 0.02 0.59 Bivalent 97.3% (89.0-99.3%) <0.0001
HPV versus
control
Control 757 473 66 1,057.86 6.24 4.83 794
HPV 16/18/31/33/45/52/58 mITT cohort
Nonavalent HPV 758 325 5 813.66 0.61 0.20 143 Nonavalent 95.3% (88.3-981%) <0.0001
HPV versus
control
Control 757 290 79 598.55 13.20 1045 16.45

Post hoc analysis used cervical swabs only to ascertain end points; all self-collected swabs after month 3 were excluded. Methods are otherwise the same as described in Table 2. No

multiplicity adjustments were performed.

and tighter confidence intervals, as additional follow-up time was
accrued beyond the 6-12-month buffer period, during whichinfections
that were prevalent at baseline but not detected at follow-up, and may
contribute to alower estimate of VE™*,

We acknowledge that the study has limitations. First, the median
duration of follow-up is 35 months and longer-term durability of
single-dose VE in a randomized trial would strengthen the evidence
as HPV exposure continues through adulthood. Observational data
for single-dose HPV vaccination support efficacy over a decade™. While
participants in the control group have received single-dose HPV vac-
cination, we are collecting additional datain this cohort to 54 months
post-vaccination*. The antibody plateau level for single-dose HPV
vaccination isreached by 12 months’, suggesting that we have observed
steady state efficacy. Second, 7% of primary end-point swabs were
self-collected and 93% were provider-collected. All swabs would ide-
ally be collected with one modality; however, the correlation between
self-collected vaginal and provider-collected cervical swabs is high*
and there was no difference in the results when self-collected swabs
were excluded. For the preplanned subgroup analyses by sexually trans-
mitted infection (STI) status, the subgroups were defined at enrollment
and may have changed over time; however, theincidence of persistent
non-vaccine HPV types was comparable through the studyin the three
study groups. Finally, while the GST-ELISA multiplex assay used to
exclude participants with HPV antibodies at enroliment demonstrated
overall agreement of 89% with the gold standard secreted alkaline
phosphatase pseudovirion-based neutralization assay®®, misclassifica-
tion of participants as antibody naive would not be different by study
group. Further in sensitivity analysis including participants with HPV
antibodies at baseline, overall VE was in keeping with the primary
findings (Table 2a,b).

Globally cervical cancer is aleading cause of morbidity and mor-
tality among women in mid-life; it is the second most common can-
cer and the greatest contributor to cancer-related mortality among
women in southern and East Africa carrying a high cost to women,
their families and communities"”. Focusing on the cohort of girls and
adolescent women who are at risk of developing cervical cancer if not
vaccinated, global HPV 16/18 vaccination of women born between 2005
and 2014 would avert 8 million (7.8-8.3) cervical cancer cases and HPV
16/18/31/33/45/52/58 vaccination would avert10.2 million (10.0-10.6)
cases, with 70% of cases averted in low-to-middle HDI countries®. Cer-
vical cancer is almost entirely preventable through HPV vaccination.
Single-dose HPV vaccination could serve to close the gap between the

WHO goal of 90% HPV vaccination coverage by 2030 and the 15% of girls
globally currently vaccinated’, alleviate vaccine supply constraints”
and provide global policymakers with options to optimally allocate
existing HPV vaccine supply. The most recent Cochrane review of the
efficacy of single-dose HPV vaccination highlighted that there was
moderate evidence on the durability of VE, which we have now provided
with robust data over 3 years”. Single-dose HPV vaccination could
facilitate rapid scale-up of vaccination worldwide.

Over 36 months, single-dose HPV vaccination offered high
protection, >95% VE in preventing incident, persistent HPV
16/18/31/33/45/52/58 infection, with the lower bound of the confi-
denceinterval atalmost 90% (89%) indicating a high minimum level of
efficacy. Single-dose HPV vaccination was safe with no vaccine-related
SAEs. These data add to the growing suite of evidence to support
single-dose HPV vaccination implementation.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Study design

Thisrandomized, multicenter, double-blind, parallel, three-group con-
trolled, superiority trial tested the efficacy of single-dose bivalent (HPV
16/18) and single-dose nonavalent (HPV 16/18/31/33/45/52/58/6/11)
HPV vaccination, as described in the published protocol paper"” and
inthereportofthe primary results'. The study was conducted at three
Kenya Medical Research Institute (KEMRI) clinical sites in Kisumu,
Thika and Nairobi.

In GAVI-funded countries, including Kenya, multi-dose HPV vac-
cinationis offered to 9-14-year-old girls through the national immuni-
zation program. Catch-up vaccination for adolescent girls and young
women15years of age and olderisnot provided. Cervical cancer screen-
ingis offered to older women instead. We conducted a clinical trial to
test the efficacy of single-dose HPV vaccination among young women
aged 15-20 years within the context of cytological screening for dys-
plastic lesions. This was determined to be ethical, as vaccination for
this age group in Kenya and many low-HDI countries is not currently
supported through national programs or globalimmunizationbodies'.

Participants

Participants were eligible for the study if they were born female, aged
15-20 years old inclusive, were sexually active with one to five sexual
partnersreportedin their lifetime, and planned to reside in the study
areafor 37 months. The exclusion criteria were people living with HIV
for whom few data onsingle-dose HPV VE are available, history of previ-
ous HPV vaccination, allergies to vaccine components of latex, preg-
nancy, hysterectomy, history of autoimmune, degenerative or genetic
diseases, and investigator discretion regarding participant safety.
Sex assigned at birth was assessed through participant self-report at
screening. Participants were recruited through community outreach.
All participants, and their parents/guardians in the case of minors,
provided writteninformed consent, which included counseling about
randomization, risks and benefits of participation, study procedures
and their rights as research participants.

Randomization and masking

Meningococcal vaccination was chosen as the control because menin-
gococcal antibodies offer potential clinical benefits and do notimpact
HPV outcomes. Participants were randomized to (1) nonavalent HPV
vaccination (Gardasil-9), (2) bivalent HPV vaccination (Cervarix) or
(3) meningococcal (control) vaccination. Following randomization, a
single dose of each vaccine was administered.

An unblinded statistical analyst generated the randomization
sequence using SAS v.9.4. Randomization was stratified by site, using
afixed blocksize of 15and al:1:1allocation. Blinded study assignment
was implemented via www.randomize.net. Study staff, participants,
investigators, clinic staff, laboratory technicians, the end points adju-
dication committee members and other study team members did not
have access to the randomization codes, except for the unblinded
statistical analysts and unblinded pharmacists at each site. At the con-
clusion of the enrollment visit, an unblinded pharmacist entered the
participantidentification number (PTID) on randomize.net, obtained
the next sequential intervention assignment, recorded the PTID and
randomizationidentifier onan eCRF, drew up the vaccinein amasked
syringe and administered the vaccination viathe intramuscular route.
Anindependent observer, not onthe study team, observed the masked
vaccination to assess the success of masking.

Procedures

Potential participants completed eligibility screening with aprovider,
including a detailed medical history, collection of external genital
(labial/vulvar/perineal), lateral vaginal, and cervical swabs for HPV
DNA testing, and serum for HPV antibody testing. Participants received
cytological screening for cervical cancer screening at enrollment.

Sexual and reproductive health services (contraception, STI diag-
nosis and treatment, HIV testing and HIV pre-exposure prophylaxis)
were offered at enrollment and every visit. Participants also received
counseling including services for mental health. All questionnaires
used electronic case report forms (eCRFs) (DFexplore Software, DF/
Net Research).

Participants had study visits at months 3, 6 and then every
6 months for up to 36 months. Providers administered clinical ques-
tionnaires and collected a cervical swab at each 6-month visit. Par-
ticipants self-collected vaginal swabs using validated instructions at
month 3; self-collected swabs, which have similar accuracy compared
to provider-collected cervical swabs®, were available at subsequent
follow-up visits by participant choice or to comply with COVID-19
researchrestrictions.

Following disseminationand WHO review of the month 18 primary
results, participants were offered vaccination at their next study visit,
which was at either month 30 or 36, so as not to delay vaccine receipt.
Participants provided a final analysis cervical swab before vaccination.
Participants in the meningococcal group received the nonavalent HPV
vaccine and those in the HPV vaccine groupsreceived the meningococ-
calvaccine.

Laboratory methods

HPV DNA genotyping was conducted using the Anyplex Il HPV28 assay
(Seegene), amultiplexed type-specific real-time PCR-based assay that
detects 28 HPV types®* at the University of Washington (UW) East
Africa STI Laboratory, Mombasa, Kenya with standard proficiency
testing®. For HPV-positive samples, a low (+), intermediate (++), or
high (+++) positivity was indicated; + or greater was considered posi-
tive. The assay runs included negative and positive controls and the
housekeeping human gene, 3-globin, as aninternal control. Runs were
performed with CFX96 Real-time PCR System (Bio-Rad).

Serum specimens were shipped to the UW and tested at the
Galloway Laboratory, Fred Hutchinson Cancer Research Center.
HPVIgG antibodies were detected using a multiplex Luminex assay®*.
The mean pre-established fluorescent intensity seropositivity cutoffs
for HPV 16/18/31/33/45/52/58 were used™.

Sexually transmitted infections (N. gonorrhoeae, C. trachomatis
or T. vaginalis) were assessed by nucleic acid amplification testing
(APTIMA; Hologic/GenProbe) at the UW East Africa STI Laboratory;
HSV-2 was evaluated by the Focus ELISA and BV was evaluated using
the Nugent score at the National Quality Control Laboratory, Nairobi,
Kenya.

Outcomes

The primary trial end point was incident-persistent cervical vaccine
type-specific HPVinfection among participants who were vaccine-type
HPV naive at enrollment. Persistent HPV infection, a surrogate
marker for cervical dysplasia/precancer, was defined as high-risk
vaccine-type-specific HPV (HPV 16/18 for the bivalent vaccine and
HPV16/18/31/33/45/52/58 for the nonavalent vaccine) detected at two
consecutive visits after the month 3 visit, which were obtained noless
than 4 months apart (with the same HPV type at both time points).
Cervical swabs were tested for the primary end point; vaginal swabs
were substituted if necessary. This analysis included follow-up through
month 36 to evaluate the durability of VE.

Secondary analyses assessed VE in the sensitivity cohorts and
subgroup analyses. The prespecified subgroups were the presence of
co-infections (chlamydia, gonorrhea, HSV-2, trichomoniasis, syphilis
and BV), self-reported condom use, number of self-reported lifetime
sexual partners (1versus 2+) and contraception method use.

Safety was assessed through adverse event reporting following
Division of Allergy and Infectious Diseases Guidelines®. Participants
were monitored for adverse events 30 min after vaccination, asked
about adverse events at each study visit and reported adverse events
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outside of study visits. The study clinical monitor followed SAEs, includ-
ing permission to access medical records. SAEs were recorded on a CRF.
The study Principal Investigator and clinical monitor determined the
relatedness of SAEs to vaccination. We followed the KEMRI Scientific
Ethics Review Unit’s (SERU’s) guidance for reporting SAEs.

Statistical analysis

The study was powered for the 18-month analysis, which included
follow-up through 18 months and has been previously published™.
The sample size calculations assumed a combined persistent HPV
16/18/31/33/45/52/58 annual incidence of 5%, single-dose VE of 75%,
and loss-to-follow-up of 10% with a fixed follow-up time of 12 months.
Samplesize calculations assumed that 52% of participants would meet
the requirements for inclusion in the 18-month analysis based on the
observed prevalence of HPV infection in similar settings®*. Assuming a
proportional hazards model (seqDesign in R) with 80% power to detect
75% efficacy, asample size of 2,250 participants was planned.

We used Cox proportional hazards models stratified by study site
to estimate the hazard ratios (HRs) of the interventions versus control
for the primary and sensitivity analyses. Models for the sensitivity
analyses used crude incidence rate ratios instead of the Cox model
when no events were observed in a group. Follow-up was calculated
as days since the month 3 visit for the primary analysis and days since
month 6 for the extended-sensitivity analysis until the first persistent
infection. Participants who did not reach this outcome were censored at
thelast study visit with HPV testing where they did not meet the criteria
for persistentinfection. VEwas expressed as1 - HR (or relative risk). The
log-rank test stratified by study site was used to calculate the P value
for each comparison (one degree of freedom). Cumulative incidence
curves of time to infection were calculated by intervention group using
Kaplan-Meier methods. Efficacy analyses were performed on the
month 36 mITT cohorts. In post hoc analysis, we evaluated the abso-
lute differencein cumulative incidence of HPV from the Kaplan-Meier
survival estimates at month 36. We calculated the rates of chlamydia
and gonorrhea during follow-up by assigned group.

Participantsincludedinthe primary analysis tested HPV DNA nega-
tive (external genital/lateral vaginal, and cervical swabs) at enrollment
and at month 3, by self-collected vaginal swab and HPV antibody nega-
tiveatenrollmentinthemITT cohort. The ITT included all randomized
participants. Forinclusioninthe HPV16/18 mITT cohort, participants
were HPV16/18 naive. Similarly, for the HPV16/18/31/33/45/52/58 mITT
cohort, participants were HPV 16/18/31/33/45/52/58 naive. Participants
without swabs after month 3 did not contribute follow-up time in
the primary analysis. Participants in the bivalent vaccine group were
excluded fromthe HPV16/18/31/33/45/52/58 analysis as the study was
not powered to detect cross-protection. Participants who serocon-
verted to HIV during follow-up are included in analyses.

Sensitivity analyses were planned for the following subsets: par-
ticipants who tested HPV DNA negative at enrollment and month 3,
regardless of antibody status at enrollment (sensitivity cohort) and
participants who tested HPV DNA negative at enrollment, month 3, and
month 6 and antibody negative at enroliment (extended-sensitivity
cohort); the sensitivity cohort was aless conservative definition of an
HPV-naive cohort and the extended-sensitivity cohort more closely
matched the analysis cohort for HPV vaccine licensure trials. The
extended-sensitivity cohort excluded participants who might have had
prevalent HPV infection at enrollment that was not detected. Safety was
assessed among all participants; the three groups were compared using
Fisher’s exact test. Exploratory analysis evaluated cross-protection of
the bivalent vaccine against HPV 31/33/45. We performed all analyses
using SAS software, v.9.4 (SAS Institute) and R (v.4.2.2).

An independent Data Safety and Monitoring Board was consti-
tuted to review study progress, participant safety and the primary
outcome, and met annually. The trial is registered at ClinicalTrials.
gov (NCT03675256).

Ethics and inclusion statement

Data for this study, including from Kenya, were collected via eCRFs
in Kenya. Seven colleagues (M.A.O., E.A.B., B.N,, LW,, C.B., S.K. and
N.R.M.), including the senior author (N.R.M.) are from Kenya, a low-
and-middle-income country and one other (R.V.B.) is South Afri-
can and is now based in a high-income country. We fully endorse
and are committed to the Nature Portfolio journals’ guidance on
low-and-middle-income country authorship and inclusion.

Thisresearchislocally relevant to Kenya and other countries that
have not achieved the 90% HPV vaccine coverage goal.

The KEMRISERU (nos. 3745 and 3741) and the Massachusetts Gen-
eral Hospital Institutional Review Board (no.2022P001178) approved
the study. Study participation may have carried stigmatization asso-
ciated with vaccination. The data collection and analysis techniques
employed raised norisks pertaining to incrimination, discrimination,
animal welfare, the environment, health, safety, security or other per-
sonal risks. AIlHPV and STl testing was conducted at local laboratories.
Serum for specialized HPV antibody testing was shipped to Seattle for
testing. No cultural artifacts or associated traditional knowledge has
been transferred out of any country. In preparing the manuscript, the
authors reviewed relevant studies from Kenya.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data are available subject to controlled access because additional
analysis requires regulatory approval. This study was conducted with
approval fromthe KEMRISERU, which requires that datafrom studies
(including de-identified data) are released only after SERU has provided
written approval for additional analyses. To request these data and
facilitate submission to SERU for additional analyses, please contact the
KEN SHE Scientific Committee at Inakatsuka@partners.org. Acomplete
de-identified dataset and code book sufficient to reproduce the study
findings will be made available 1year after study closeout upon written
request after approval from SERU.

Code availability

The custom code and code book sufficient to reproduce the study
findings will be made available 1year after study closeout upon written
request after approval from the KEN SHE Scientific Committee. Please
contact the KEN SHE Scientific Committee at Inakatsuka@partners.org.
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Extended Data Table. 1| Baseline characteristics of the ITT population

Nonavalent HPV Bivalent HPV Control All
Characteristic Category (N=758) (N=760) (N=757) (N=2275)
Age group (years) 15-17 453 (59.8%) 424 (55.8%) 424 (56.0%) 1301 (57.2%)
18-20 305 (40.2%) 336 (44.2%) 333 (44.0%) 974 (42.8%)
Age (years) Median (IQR) 17 (16, 18) 17 (16, 19) 17 (16, 19) 17 (16, 19)
Marital status Never married 728 (96.0%) 713 (93.8%) 712 (94.1%) 2153 (94.6%)
Married 25 (3.3%) 39 (5.1%) 32 (4.2%) 96 (4.2%)
Previously Married 4 (0.5%) 6 (0.8%) 13 (1.7%) 23 (1.0%)
Other 1(0.1%) 2(0.3%) 0 (0.0%) 3(0.1%)
Education (highest level) No schooling 1(0.1%) 3(0.4%) 3(0.4%) 7 (0.3%)
Primary school, some or complete 52 (6.9%) 47 (6.2%) 61 (8.1%) 160 (7.0%)
Secondary school, some or 553 (73.0%) 551 (72.5%) 550 (72.7%) 1654 (72.7%)
complete
Post-secondary school 152 (20.1%) 159 (20.9%) 143 (18.9%) 454 (20.0%)
Earns an income of her own No 665 (87.7%) 653 (85.9%) 656 (86.7%) 1974 (86.8%)
Yes 93 (12.3%) 107 (14.1%) 101 (13.3%) 301 (13.2%)
Has a current main or steady sexual partner No 209 (27.6%) 222 (29.2%) 211 (27.9%) 642 (28.2%)
Yes 549 (72.4%) 538 (70.8%) 546 (72.1%) 1633 (71.8%)
Age when first had vaginal intercourse (years) <15 190 (25.1%) 180 (23.7%) 170 (22.5%) 540 (23.7%)
15-17 397 (52.4%) 415 (54.6%) 445 (58.8%) 1257 (55.3%)
>=18 148 (19.5%) 155 (20.4%) 130 (17.2%) 433 (19.0%)
Don't remember 23 (3.0%) 10 (1.3%) 12 (1.6%) 45 (2.0%)
Number of lifetime sexual partners 1 464 (61.2%) 484 (63.7%) 444 (58.7%) 1392 (61.2%)
2 195 (25.7%) 176 (23.2%) 194 (25.6%) 565 (24.8%)
>=3 99 (13.1%) 100 (13.2%) 119 (15.7%) 318 (14.0%)
Condom use with last vaginal sex No 239 (31.5%) 244 (32.1%) 233 (30.8%) 716 (31.5%)
Yes 358 (47.2%) 365 (48.0%) 367 (48.5%) 1090 (47.9%)
No sex in past year 161 (21.2%) 151 (19.9%) 157 (20.7%) 469 (20.6%)
Syphilis Negative 757 (99.9%) 760 (100.0%) 754 (99.6%) 2271 (99.8%)
Positive 1(0.1%) 0 1(0.1%) 2(0.1%)
Not Done 0 0 2 (0.3%) 2 (0.1%)
C. trachomatis Negative 665 (87.7%) 663 (87.2%) 651 (86.0%) 1979 (87.0%)
Positive 93 (12.3%) 97 (12.8%) 106 (14.0%) 296 (13.0%)
N. gonorrhoeae Negative 745 (98.3%) 738 (97.1%) 741 (97.9%) 2224 (97.8%)
Positive 13 (1.7%) 22 (2.9%) 16 (2.1%) 51 (2.2%)
HSV-2 Negative 616 (81.3%) 597 (78.6%) 584 (77.1%) 1797 (79.0%)
Positive 141 (18.6%) 162 (21.3%) 173 (22.9%) 476 (20.9%)
Indeterminate 1(0.1%) 1(0.1%) 0 2(0.1%)
Bacterial vaginosis® Negative 604 (79.7%) 576 (75.8%) 587 (77.5%) 1767 (77.7%)
Positive 154 (20.3%) 183 (24.1%) 170 (22.5%) 507 (22.3%)
Not Done 0 1(0.1%) 0 1(0.0%)
Trichomonas vaginalis Negative 723 (95.4%) 728 (95.8%) 722 (95.4%) 2173 (95.5%)
Positive 35 (4.6%) 32 (4.2%) 35 (4.6%) 102 (4.5%)
HPV DNA 16/18° Positive 112 (14.8%) 124 (16.3%) 131 (17.3%) 367 (16.1%)
HPV DNA 16/18/31/33/45/52/58° Positive 242 (31.9%) 257 (33.8%) 261 (34.5%) 760 (33.4%)
HPV 16/18 Serum Antibodies Positive 108 (14.3%) 104 (13.7%) 114 (15.1%) 326 (14.3%)
HPV 16/18/31/33/45/52/58 Serum Antibodies Positive 212 (28.0%) 212 (27.9%) 221 (29.2%) 645 (28.4%)

*Nugent scores 7-10 were classified as BV positive and Nugent score 0-6 were classified as BV negative.
®Includes any positive from enrollment cervical or external vaginal swabs.
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Extended Data Table. 2 | Completeness of end point swab collection

Swab 1 (Month 6) Swab 2 (Month 12) Swab 3 (Month 18) Swab 4 (Month24) ~ Swab 5 (Month 30or  Swab 6 (Month 36 or

Crossover) Crossover)
Expect-  Completed, Expect- Completed, Expect- Completed, Expect- Completed, Expect- Completed, Expect- Completed,
ed (n)° n (%) ed (n)® n (%) ed (n)® n (%) ed (n)® n (%) ed (n)® n (%) ed (n)® n (%)
ITT Cohort
Nonavalent HPV 758 750 (98.9%) 758 747 (98.5%) 758 740 (97.6%) 758 728 (96.0%) 757 679 (89.7%) 418 412 (98.6%)
Bivalent HPV 760 756 (99.5%) 760 751 (98.8%) 760 748 (98.4%) 760 727 (95.7%) 760 691 (90.9%) 428 417 (97.4%)
Control 757 750 (99.1%) 757 748 (98.8%) 757 741 (97.9%) 756 727 (96.2%) 755 691 (91.5%) 413 406 (98.3%)
All 2275 2256 (99.2%) 2275 2246 (98.7%) 2275 2229 (98.0%) 2274  2182(96.0%) 2272 2061 (90.7%) 1259 1235 (98.1%)
HPV 16/18 mITT Cohort
Nonavalent HPV 496 496 (100.0%) 496 495 (99.8%) 496 491 (99.0%) 496 487 (98.2%) 496 462 (93.1%) 305 301 (98.7%)
Bivalent HPV 489 489 (100.0%) 489 487 (99.6%) 489 484 (99.0%) 489 479 (98.0%) 489 465 (95.1%) 306 299 (97.7%)
Control 473 473 (100.0%) 473 472 (99.8%) 473 467 (98.7%) 472 459 (97.2%) 471 441 (93.6%) 271 268 (98.9%)
All 1458 1458 (100.0%) 1458 1454 (99.7%) 1458 1442 (98.9%) 1457 1425 (97.8%) 1456 1368 (94.0%) 882 868 (98.4%)
HPV 16/18/31/33/45/52/58 mITT Cohort
Nonavalent HPV 325 325 (100.0%) 325 325 (100.0%) 325 323 (99.4%) 325 321 (98.8%) 325 306 (94.2%) 217 215 (99.1%)
Control 290 290 (100.0%) 290 289 (99.7%) 290 287 (99.0%) 290 282 (97.2%) 290 273 (94.1%) 169 167 (98.8%)
All 615 615 (100.0%) 615 614 (99.8%) 615 610 (99.2%) 615 603 (98.0%) 615 579 (94.1%) 386 382 (99.0%)

bEndpoim swabs defined as post-Month 3 cervical or self-collected vaginal swabs at least 4 months apart. Swabs 1 through 5 are expected for all non-deceased participants. Swab
6 is counted as expected if collected or if a participant with 5 swabs has not yet had a crossover visit and the swab target date has passed.

NOTE: Of the participants in the HPV 16/18 mITT cohort who only provided one endpoint swab (n=4), 0 were positive for HPV 16/18. Of the participants in the HPV
16/18/31/33/45/52/58 mITT cohort who only provided one endpoint swab (n=1), 0 were positive for HPV 16/18/31/33/45/52/58. HPV persistence using two consecutive swabs was
evaluable for the remainder of the cohorts.
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Extended Data Table. 3| Summary of tested end point swabs and swab collection types

Total Endpoint Self-Collected

. ; o 9
Analysis Cohort Swabs (n) Cervical Swabs (n) % Swabs (n) %
ITT 12208 11369 93.1% 839 6.87%
HPV 16/18 mITT 8013 7523 93.9% 490 6.12%
HPV 16/18/31/33/45/52/58 mITT 3402 3219 94.6% 183 5.38%

NOTE: Endpoint swabs defined as post-Month 3 cervical vaginal or self-collected vaginal swabs at least 4 months apart.
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Extended Data Table. 4 | Exploratory analysis: incidence of persistent HPV types (combined non-vaccine types, mITT
sensitivity cohort)

95% Confidence Interval®

Nonavalent HPV 758 247 110 4423 249 204 30.0
Bivalent HPV 760 241 111 429.5 25.8 21.3 311
Control 757 250 101 459.3 22.0 17.9 26.7
All 2275 738 322 1331.2 24.2 21.6 27.0

“Exact 95% confidence interval for incidence rate computed using the Poisson distribution.

L’Follow—up time amongst women non-vaccine HPV-type DNA negative at month 0 and month 3 (women are excluded if positive at month 0 or month 3 for any of HPV
26/35/39/40/42/43/44/51/53/54/56/59/61/66/68/69/70/73/82)
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Extended Data Table. 5 | Summary of follow-up laboratory results by randomized group (mITT cohorts)

C. trachomatis

N. gonorrhoeae

Randomized
Group

Enrolled (n)

Positive test
results for

chlamydia (n)*

Participants with
one or more
positive test

results for

chlamydia (n)

%

Positive test
results for

gonorrhea (n)?

Participants with
one or more
positive test %
results for
gonorrhea (n)

HPV 16/18 mITT Cohort

Nonavalent HPV 496 185 137 27.6% 55 47 9.5%
Bivalent HPV 489 196 158 32.3% 57 50 10.2%
Control 473 185 134 28.3% 57 49 10.4%
All 1458 566 429 29.4% 169 146 10.0%
HPV 16/18/31/33/45/52/58 mITT Cohort

Nonavalent HPV 325 128 97 29.8% 35 32 9.8%
Control 290 104 7 26.6% 33 28 9.7%
All 615 232 174 28.3% 68 60 9.8%

®Includes testing at six monthly follow-up visits completed within visit window with non-missing HPV DNA swabs.
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Extended Data Table. 6 | Incidence of persistent HPV 16/18 and vaccine efficacy overall and within subgroups defined by lab
results or self-reported behavior at enrollment (mITT cohort)

Nonavalent HPV Bivalent HPV Control Nonavalent HPV v. Control Bivalent HPV v. Control
HPV 1618\ ovents Rate* " 1918 Nevents Rate” TV '%"® Nevents Rate® VE(©@5%Cl)  pvalue  VE (95%Cl)  p-value
naive naive naive
98.8% 97.5%

Il 4 1 . 4 2 A 47 72 7 .0001 .0001
Overal 96 0.08 89 0.16 3 6 (91.3% - 99.8%) <0.000 (90.0%-09.4%) <0.000
Syphilis

. 98.8% 97.6%
Negative 496 1 0.08 489 2 0.16 471 72 6.73 (91.2%-99.8%) <0.0001 (89.9%-99.4%) <0.0001
Positive 0 0 NC 0 0 NC 1 0 0 NC NC NC NC
Chlamydia trachomatis

. 98.5% 98.5%
Negative 438 1 0.09 434 1 0.09 413 58 6.13 (89.0%-99.8%) <0.0001 (88.8%-99.8%) <0.0001

0,

Positive 58 0 0 55 1 0.71 60 14 10.8 100% (NC) 0.0001 93.5% 0.0026

(48.2%-99.2%)
Neisseria gonorrhoeae

. 98.8% 97.5%
Negative 488 1 0.08 480 2 0.16 466 70 6.6 (90.8%-99.8%) <0.0001 (89.5%-99.4%) <0.0001
Positive 8 0 0 9 0 0 7 2 13.4 100% (NC) 0.153 100% (NC) 0.128
HSV-2
Negative 407 0 0 387 1 0.1 375 60 711 100% (NC) <0.0001 98.6% <0.0001
9 : : ° : (89.2%-99.8%)
. 91.2% 92.7%
Positive 88 1 0.46 102 1 0.38 98 12 52 (29.6% - 98.9%) 0.0017 (41.3% - 99.1%) 0.0005
Bacterial vaginosis®
. 98.5% 96.7%
Negative 415 1 0.1 378 2 0.21 378 55 6.38 (88.8% - 99.8%) <0.0001 (86.1% - 99.2%) <0.0001
Positive 81 0 0 111 0 0 95 17 7.97 100% (NC) <0.0001 100% (NC) <0.0001
Trichomonas vaginalis
. 98.7% 98.7%
Negative 477 1 0.08 468 1 0.08 452 66 6.39 (90.3%-99.8%) <0.0001 (90.1% - 99.8%) <0.0001
- 86.5%
Positive 19 0 0 21 1 1.89 21 6 14.1 100% (NC) 0.0112 0.0603

(-16.8% - 98.5%)

Number of lifetime partners

98.1%
0
1 322 0 0 332 1 0.12 289 41 6.26 100% (NC) <0001 oo g goyy <0001
96.9% 96.6%
2+ 174 1 0.23 157 1 0.25 184 31 738 erm0en) OO0 (741vc060) <000
Condom use with last vaginal sex
No 153 0 0 155 1 0.26 140 19 6.04 100% (NC)  <0.0001 95.8% <0.0001
’ : ° : (67.1%-99.5%) '
Yes, or no sex 98.4% 98.3%
in past year 343 1 0.12 334 1 0.12 333 53 697 ereuoosmn OO0 a7y 008%) <000
Hormonal contraceptive use
98.6% 98.5%
None 415 1 0.09 399 1 0.1 383 58 67 sosu00s% 0001 (ggaugosy) <0001
Any hormonal
i {
contraceptive 81 0 0 ) 1 0.43 90 14 669  100%(NC)  <0.0001 93.6% 0.0002

method in the

past month

? Per 100 woman-years
° Nugent scores 7-10 were classified as BV positive and Nugent score 0-6 were classified as BV negative.

(49.6%-99.2%)

Subgroups are defined by lab results or self-reported behavior at the enrollment visit. No adjustments for multiplicity were done. Two-sided log-rank p-values are computed for each
comparison using the log-rank test.
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Extended Data Table. 7 | Incidence of persistent HPV 16/18/31/33/45/52/58 and vaccine efficacy overall and within
subgroups defined by lab results or self-reported behavior at enrollment (mITT cohort)

Nonavalent HPV Control Nonavalent HPV v. Control
HPV HPV
16/18/31/33/45/52/58 N events Rate® 16/18/31/33/45/52/58 N events Rate® VE (95% ClI) p-value
naive naive

Overall 325 5 0.61 290 84 13.8 95.5% (89.0%-98.2%) <0.0001
Syphilis

Negative 325 5 0.61 289 84 13.8 95.6% (89.0%-98.3%) <0.0001

Positive 0 0 NC 1 0 0 NC NC
Chlamydia trachomatis

Negative 293 4 0.54 252 71 13.2 95.9% (88.7%-98.5%) <0.0001

Positive 32 1 1.27 38 13 17.9 92.7% (43.9%-99.0%) 0.0009
Neisseria gonorrhoeae

Negative 322 5 0.61 285 82 13.7 95.5% (88.7%-98.2%) <0.0001

Positive 3 0 0 5 2 18.8 100% (NC) 0.445
HSV-2

Negative 264 3 0.45 226 66 14 96.7% (89.6%-99.0%) <0.0001

Positive 60 2 1.34 64 18 12.9 89.7% (55.3%-97.6%) 0.0002
Bacterial vaginosis®

Negative 278 4 0.57 239 70 13.9 95.9% (88.8% - 98.5%) <0.0001

Positive 47 1 0.83 51 14 13 93.5% (50.2% - 99.1%) 0.0003
Trichomonas vaginalis

Negative 315 5 0.63 275 78 134 95.3% (88.2%-98.1%) <0.0001

Positive 10 0 0 15 6 20.1 100% (NC) 0.0289
Number of lifetime partners

1 217 1 0.18 184 51 13.2 98.6% (89.8% - 99.8%) <0.0001

2+ 108 4 1.49 106 33 14.8 89.9% (71.5% - 96.4%) <0.0001
Condom use with last vaginal sex

No 98 2 0.81 78 20 12.2 93.3% (71.3%-98.4%) <0.0001
_ Yes, or no sex 227 3 0.52 212 64 14.3 96.3% (88.3%-99.0%) <0.0001
in past year
Hormonal contraceptive use

None 273 3 0.43 229 68 14.2 96.9% (90.1%-99.0%) <0.0001

Any hormonal
contraceptive 52 2 1.51 61 16 12 88.3% (48.5%-97.3%) 0.0003
method in the
past month

? Per 100 woman-years
b Nugent scores 7-10 were classified as BV positive and Nugent score 0-6 were classified as BV negative.

Subgroups are defined by lab results or self-reported behavior at the enrollment visit. No adjustments for multiplicity were done. Two-sided log-rank p-values are computed for each
comparison using the log-rank test.
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Extended Data Table. 8 | Exploratory analysis: Incidence of persistent HPV 31/33/45 (HPV 31/33/45 mITT cohort)

95% Confidence

! - } c
. HPV Incident Woman- Inc!dence of Interval® Statistical Comparisons'
Randomized Enrolled  31/33/45 . persistent HPV
h persistent HPV years of

Group (n) naive , 31/33/45 per 100 .

miTT) () SV3AS (M) Follow-up” Cyyo o ears  LOWET UPRET o rison  vaccine 95% Cl P-value

Y Bound Bound P Efficacy ° (Log-rank)
Nonavalent HPV 758 530 4 1333.5 03 0.08 077 Norg;’:t's;t V' 9148%  (76.29%,96.94%)  <.0001
. Bivalent v.

Bivalent HPV 760 516 39 1240.4 3.14 2.24 4.3 Control 10.11% (-38.67%, 41.74%) 0.6338
Control 757 506 43 12124 3.55 2.57 4.78
All 2275 1552 86 3786.4 227 1.82 2.81

®Exact 95% confidence interval for incidence rate computed using the Poisson distribution.

bFollow-up time amongst women HPV 31/33/45 DNA-naive at month 0 and month 3, and antibody-naive at month 0.

Two-sided log-rank p-values are computed for each comparison using the log-rank test. No adjustments for multiplicity were done.
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Sample size The sample size calculations also assumed a combined persistent HPV 16/18/31/33/45/52/58 annual incidence of 5%, single-dose vaccine
efficacy of 75%, and loss-to-follow-up of 10% with a fixed follow-up time of 12 months. Sample size calculations assumed that 52% of
participants would meet the requirements for inclusion in the primary analysis based on the observed prevalence of HPV infection in similar
settings. Assuming a proportional hazards model (seqDesign in R) with 80% power to detect 75% efficacy, a sample size of 2,250 participants
was planned.

Data exclusions  As pre-established in the statistical analysis plan, the primary analysis is conducted within the mITT cohorts for HPV 16/18 and HPV
16/18/31/33/45/52/58, which respectively exclude participants DNA- or antibody-positive at enrollment, or DNA-positive at month 3 for the
HPV DNA types 16/18 or 16/18/31/33/45/52/58.

Replication Analysis cohorts (n participants), persistent HPV (n events), incidence rates (n events/100 woman-years), vaccine efficacy (1-HR), and
corresponding confidence intervals and p-values were coded independently by two analysts. All findings were replicated.

Randomization  An unblinded statistical analyst generated the randomization sequence using SAS v9.4. Randomization was stratified by site, using a fixed
block size of 15 and a 1:1:1 allocation. Blinded study assignment was implemented via http://www.randomize.net (Ottawa, ON, Canada).

Blinding Study staff, participants, investigators, clinic staff, lab technicians, the endpoints adjudication committee members, and other study team
members did not have access to the randomization codes, except for the unblinded statistical analysts and unblinded pharmacists at each
site. An unblinded pharmacist entered the participant identification number (PTID) on randomize.net, obtained the next sequential
intervention assignment, recorded the PTID and randomization identifier on an eCRF, drew up the vaccine in a masked syringe, and
administered the vaccination via the intramuscular route. An independent observer, not on the study team, observed the masked vaccination
to assess the success of masking.
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Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT03675256
Study protocol The trial protocol paper has been published and the full protocol is available upon request Inakatsuka@partners.org.

Data collection Study recruitment and enrollment occurred between December 20, 2018 and November 15, 2019, at three study sites in Thika,
Nairobi, and Kisumu, Kenya. Data collected between December 20, 2018 and January 9, 2023 are reported in this manuscript. The
study was conducted at three Kenya Medical Research Institute (KEMRI) clinical sites in Kisumu, Thika, and Nairobi.

Outcomes The primary trial endpoint was incident persistent vaccine type-specific HPV infection in cervical and self-collected (when necessary)
swabs collected at least four months apart. HPV DNA genotyping was conducted using the Anyplex || HPV28 assay (Seegene, Seoul,
South Korea). Secondary analyses assessed vaccine efficacy in the sensitivity cohorts and subgroup analyses. The pre-specified
subgroups were the presence of co-infections (chlamydia, gonorrhea, herpes simplex type 2, trichomoniasis, syphilis, and bacterial
vaginosis), self-reported condom use, number of self-reported sex partners in the last three months (0-1 vs. 2+), and contraception
method use.
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